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Abstract 
Current fuel ethanol research deals with process engineering trends for improving the efficiency of 
bioethanol production. This thesis is devoted to modelling and optimisation of the lignocellulosic to 
bioethanol conversion process with a special emphasis on pretreatment and enzymatic hydrolysis units. 
The first part of the thesis is devoted to the lignocellulosic biomass pretreatment process. A multiscale 
model for a pretreatment process is developed. This considers both the chemical and physical natures of 
the process. A new mechanism for hydrolysis of hemicellulose is proposed in which the reactivity is 
function of position in the hemicellulose chain and all the bonds with same position undergo breakage at 
the same time. A method to find the optimum chip size for pretreatment has been developed. We show 
that with the proposed optimization method, an average saving equivalent to a 5% improvement in the 
yield of biomass to ethanol conversion process can be achieved. 
In the second part of this thesis a new approach to consider the evolution of cellulose chain length during 
the enzymatic hydrolysis by endo- and exoglucanase is developed. This employs a population balance 
approach. Having established the models for the action of endo- and exoglucanase, a universal model for 
cellulose hydrolysis at the biomass surface and inside the particle is developed. An experimental 
procedure to locate unknown parameters in the holistic model is proposed. 
The third part of this thesis integrates the models developed into a rigorous mass and energy balances of 
typical biorefinery. It was found that, most of the energy input is for pretreatment and distillation. Two 
process modifications are considered capable of reducing the energy requirement for pretreatment and 
distillation by almost 50%. It is shown that with process optimization and some alternative design it is 
possible to save 21% of plant energy requirement. Finally, the novel features and advantages of the work 
are discussed, as are potential areas for future research. 
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 Chapter 1 
Introduction 
Biofuels have been the subject of intensive research and development since the energy crisis 
of the 1970s. Biofuels are generally divided into first and second generation types based on 
the sourcing of feedstock. First-generation biofuels are made from food crops, and their 
main benefit is in offering some CO2 reduction; but concerns exist about the sourcing of 
feedstock, including the impact it may have on biodiversity and land use, as well as 
competition with food crops (Patzek, 2004; Pimentel and Patzek, 2005). Second-generation 
biofuels are made from potentially cheaper and more abundant lignocellulosic feedstock; it 
is thought that they could significantly reduce lifecycle greenhouse gas emission and in 
principle will not compete with food crops (Peterson et al, 2007).  
A number of environmental and economic benefits are claimed for biofuels such as energy 
security, reduction of greenhouse gas emissions, and availability of a renewable source for 
increasing energy demand. In addition, compared to gasoline, bioethanol has a higher 
octane number, broader flammability limits, higher flame speeds and higher heats of 
vaporization. These properties allow for a higher compression ratio, shorter burn time and 
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leaner burn engine, all of which lead to theoretical efficiency advantages over gasoline in an 
internal combustion engine (Balat 2007). 
However, large scale production of bioethanol from lignocellulosic material has still not 
been implemented because the bioethanol processing cost is too high to make it competitive 
with conventional fossil fuels. Current fuel ethanol research deals with process engineering 
trends for improving the efficiency of bioethanol production; several studies can be found in 
the literature focusing on improvement of each processing step. From a process systems 
engineering point of view, improving the efficiency of bioethanol production should be 
achieved by improving efficiency of both physical and chemical steps of the process. 
Physical aspects of process are those in which composition of overall input and output 
streams do not change (e.g. size reduction), and any processing step in which the 
composition of input and output stream changes can be regarded as a chemical step (e.g. 
fermentation). In other words, any processing step in which there exists consumption 
and/or generation of material is a chemical step, otherwise it is a physical.  
Although various processes are employed for lignocellulosic conversion, a general process 
includes size reduction and pretreatment, hydrolysis, fermentation and separation. Size 
reduction and pretreatment are required to alter the biomass structure and increase the 
accessible surface area of cellulose so that hydrolysis of the carbohydrate fraction to 
monomeric sugars can be achieved more rapidly and with greater yield. Hydrolysis includes 
the processing steps that convert the carbohydrate polymers into monomeric sugars. During 
the fermentation process, the monomeric sugars are converted to ethanol and then ethanol 
is recovered from the fermentation broth, usually by distillation (Mosier et al., 2005). 
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The objective of pretreatment is to alter the structure of biomass in order to make the 
cellulose and hemicelluloses more accessible to hydrolytic enzymes that can generate 
fermentable sugars (Han et al., 2007). Effective pretreatment technologies need to meet 
several important criteria, essentially minimal energy, capital, and operating costs. The 
importance of pretreatment optimisation on the overall process yield can be realized by 
mentioning the fact that pretreatment has been generally viewed as one of the most 
expensive processing steps in cellulosic biomass-to-fermentable sugars conversion with costs 
as high as US$0.30/gallon of ethanol produced (Mosier et al., 2005). Furthermore, the 
energy requirements for particle size reduction prior to pretreatment can be significant. For 
example, the dilute acid pretreatment process used in the National Renewable Energy 
Laboratory (NREL) design involves grinding to 1–3 mm, which accounts for one third of 
the power requirements of the entire process (Lynd, 2003 and US Department of Energy, 
1993). 
In addition to the high energy requirement of pretreatment processes, undesired by-products 
of pretreatment (e.g. furfural) may adversely affect the yield of downstream processes.  
Consequently, without reliable kinetic modelling, the reactor design and separation are 
rather speculative and it is not really possible to evaluate the deviations and the dynamics 
that occur in the reactor. As a result, kinetic modelling of pretreatment processes constitutes 
a critical step in assessing the operational safety and environmental impact of the 
production unit. 
Following pretreatment, the cellulose is ready for hydrolysis, in which the cellulose is 
converted into sugars, generally by the action of mineral acid or enzymes. Hydrolysis of 
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biomass without prior pretreatment results in sugar yields of typically less than 20%, 
whereas yields after pretreatment often exceed 90% (Hamelinck et al., 2005). Enzymatic 
hydrolysis of cellulose is carried out by cellulase enzymes which are highly specific (Beguin 
and Aubert, 1994). Extensive studies of cellulose hydrolysis kinetics have been carried out; 
however the understanding of the dynamic nature of this reaction remains incomplete and 
limited since most of the models in the literature are correlation-based and are unlikely to be 
reliable under conditions different from those for which the correlation was developed. The 
situation is further complicated due to the unsteady and dynamic nature of the reaction 
kinetics in an ongoing cellulose hydrolysis, which implies that understanding and modelling 
of this process requires taking several factors into account. 
The objective of this work is mainly analysis, modelling and optimisation of pretreatment 
and enzymatic hydrolysis units as well as identifying the effect these two processes may 
have on the overall biorefining process. Having developed the characteristic models for each 
processing step, the overall goal of this work is to optimise the overall bioconversion 
methods. 
1.1. Thesis Outline 
The recent literature from several fields concerning bioconversion processes for 
lignocellulosic material is reviewed in chapter 2. In particular, this chapter provides a 
general overview of the main bioconversion steps that are utilised to develop models in the 
further chapters in this thesis. 
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Chapter 3 introduces the main processing problems which are the causes of low processing 
yield and consequently high processing cost.  
The focus of chapter 4 is on developing a model for pretreatment to optimize biomass chip 
size and then in chapter 5, the focus is on developing a kinetic model for the reaction in the 
pretreatment unit (hemicellulose hydrolysis). Chapter 6 is devoted to modelling and 
optimisation of enzymatic hydrolysis of cellulose. Chapter 7 deals with analysing the overall 
mass and energy balance of the biorefining process. One of the most discussed issues about 
bioconversion of lignocellulosics is the amount of fossil fuel required for this process. Our 
calculation in chapter 7 showed that the energy input for bioconversion process is around 
13% of the energy content in the produced ethanol. If we take the energy content of 
combustible solid into account, this ratio will be around 8%. These all imply that 
bioconversion process of lignocellulosic ethanol is energy efficient, however in this study we 
have shown that there are great potential to improve the energy and economic efficiency of 
this process by employing process engineering tools. Finally, chapter 8 provides a general 
review of this work. 
 
 
  
 
Chapter 2 
Literature Review  
2.1. Introduction 
Biofuels have been the object of intensive research and development since the energy crisis 
of the 1970s. However, the Arab oil embargo, the Iranian Revolution or the Persian Gulf 
War are no longer seen as the most shocking periods in the history of the global petroleum 
market as crude oil prices in this decade have reached an all-time high; some fear that they 
might reach US$200 per barrel soon (Lutz Kilian 2009). This sharp increase in energy prices has 
stressed the importance of biofuels as an alternative liquid fuel. In addition, a number of 
environmental and economic benefits are claimed for biofuels such as energy security, 
reduction of greenhouse gas emissions, and availability of renewable sources for an 
increasing energy demand (Balat et al. 2008).  
Biofuels are generally divided into first and second generation types based on the sourcing 
of feedstock. First-generation biofuels are made from food crops, and their main benefit is in 
offering some CO2 reduction; but concerns exist about the sourcing of feedstock, including 
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the impact it may have on biodiversity and land use, as well as competition with food crops 
(Patzek, 2004; Pimentel and Patzek, 2005). Second-generation biofuels are made from 
potentially cheaper and more abundant lignocellulosic feedstock; it is thought that they 
could significantly reduce lifecycle greenhouse gas emissions to atmosphere and will not 
compete with food crops (Peterson et al, 2007).  
However, to be viable, bioenergy should not depend heavily upon non-renewable resources. 
Depending on the type of feedstock and conversion technology, the litres of transportation 
fuel produced per litres of petroleum used have ranged from 0.06 to 4.2 for ethanol (Felix 
and Ruth, 2007). Developments in conversion technology have reduced the projected gate 
price of ethanol from about US$0.95/litre (US$3.60/gallon) in 1980 to only about 
US$0.32/litre (US$1.22/gallon) in 1994 (Wyman, 1994); however, in order for ethanol to 
be competitive with fossil fuel, further cost and energy reductions in conversion technologies 
are required. 
2.2. Bioconversion methods 
Although various bioconversion processes are employed for lignocellulosic biomass 
conversion, a general process includes the four main steps shown in Figure 1. Size reduction 
and pretreatment are required to alter the biomass structure and increase the accessible 
surface area of cellulose so that hydrolysis of the carbohydrate fraction to monomeric sugars 
can be achieved more rapidly and with greater yield (Weil et al, 1994). Hydrolysis includes 
the processing steps that convert the carbohydrate polymers into monomeric sugars. During 
the fermentation process, the monomeric sugars are converted to ethanol and then ethanol 
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is recovered from the fermentation broth, usually by distillation (Gualti et al, 1996; Mosier et 
al, 2005). A concise review of the general steps in the process of lignocellulosic conversion 
to ethanol is given in the next section. 
 
Figure 1. General steps of lignocellulosic conversion to ethanol 
2.2.1. Size reduction 
In the chemical industry, size reduction or comminution is usually carried out in order to 
increase the surface area in solid-liquid processes. Increasing the surface area is favourable 
because in most reactions involving solid particles, the rates of the reactions are directly 
proportional to the area of contact with a second phase. In addition to the surface reaction, 
in all of the hydrothermal pretreatment methods, internal reaction takes place. During the 
course of internal reaction, water has to penetrate into the particles to gain access to the 
more remote part of the feedstock. Consequently, the size reduction of feedstock probably 
increases the rate of both internal and surface reactions. 
Size Reduction 
&
Pretreatment
Hydrolysis Fermentation
Alcohol 
Recovery
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According to Coulson and Richardson’s ―Hand book of Chemical Engineering‖, the 
following five equipment types can be employed for reducing the size of woody particles 
down to the size usually required for pretreatment (Sinnott, Coulson, and Richardson 2005). 
1. Cone Crusher 
2. Roll Crusher 
3. Edge Runner Mills 
4. Autogenous Mills 
5. Impact Breakers 
 
Figure 2. Selection of comminution equipment (Sinnott, Coulson, and Richardson 2005) 
In order to choose one of the above mentioned equipment types, several factors should be 
taken into consideration. However, it is widely accepted in the literature that the following 
seven general criteria are the most important factors which must be taken into account to 
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choose the best comminution technology (Perry and Green 2007; Sinnott, Coulson, and 
Richardson 2005). 
1. The characteristic particle size of the feed. 
2. The size reduction ratio. 
3. The required particle size distribution of the product. 
4. The throughput. 
5. The properties of the material: hardness, abrasiveness, stickiness, density, toxicity, 
6. Flammability. 
7. Whether wet grinding is permissible.  
2.2.2. Pretreatment   
The three major components of the vast majority of lignocellulosic materials are cellulose, 
hemicellulose, and lignin. Cellulose and hemicellulose typically comprise roughly two thirds 
of the dry mass of biomass materials (Lynd, 1996). Cellulose is a linear polymer of glucose 
associated with hemicellulose and other structural polysaccharides, which is all surrounded 
by lignin seal. Lignin is a complex 3-dimensional polyaromatic matrix and forms a seal 
around cellulose microfibrils which prevents enzymes and acids from accessing some 
regions of the cellulose structure (Weil et al, 1991).   
The objective of pretreatment is to alter the structure of the biomass in order to make the 
cellulose and hemicelluloses more accessible to hydrolytic enzymes that can generate 
fermentable sugars. Some pretreatment methods also involve some degree of cellulose 
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hydrolysis; however, effective pretreatment technologies need to meet several important 
criteria, essentially minimal energy, capital, and operating costs. 
Pretreatment has been viewed as one of the most expensive processing steps in cellulosic 
biomass-to-fermentable sugars conversion with costs as high as US$0.30/gallon of ethanol 
produced (Mosier et al, 2005). Size reduction is sometimes required prior to pretreatment 
and the energy requirements for particle size reduction can be significant. For example, the 
dilute acid pretreatment process used in the National Renewable Energy Laboratory 
(NREL) design involves grinding to 1–3 mm, which accounts for one third of the power 
requirements of the entire process (Lynd, 1996; US Department of Energy, 1993). Thus, 
finding the optimum size is of great importance. 
I. Hydrothermal Pretreatment Methods 
Hydrothermal pretreatments, including steam explosion, hot water autocatalysed 
pretreatments, and dilute acid pretreatment, have been extensively studied in the literature 
(Yunqiao et al, 2008; Mosier et al, 2005; Aden et al, 2002; Avellar and Glasser, 1998; 
Jacobsen and Wyman, 1999) and typically employ hot water or steam to hydrolyze the 
hemicellulose. A concise review of these processes is given below.  
A. Steam explosion 
Steam explosion refers to a pretreatment technique in which a lignocellulosic biomass is 
rapidly heated by high-pressure steam without the addition of any chemicals. The 
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biomass/steam mixture is held for a period of time to promote hemicellulose hydrolysis, 
and terminated by an explosive decompression step. Hemicellulose is thought to be 
hydrolyzed by the acetic and other acids released during steam explosion pretreatment 
(Mosier et al, 2005). 
The term autocatalysed has been used for this pretreatment method in the literature, since 
acetic acid is generated from hydrolysis of acetyl groups associated with the hemicellulose 
and may further catalyze hydrolysis and glucose or xylose degradation. It should be noted 
that water also acts as an acid at high temperatures (Mosier et al, 2005). Although steam 
explosion seems to be a very simple process, it is not efficient enough since the yield of 
sugar recovery from hemicellulose is less than 65% (Wyman, 1999). In addition to low 
yields, using high pressure steam in the process increases the energy demand of the process. 
B. Hot water autocatalysed pretreatment 
Hot water autocatalysis pretreatment involves maintaining the biomass at 200–230oC in 
water kept in the liquid state using high pressure for up to 15 minutes (Pu et al, 2008). 
Between 40% and 60% of the total biomass is dissolved in the process, with 4–22% of the 
cellulose, 35–60% of the lignin, and all of the hemicellulose being removed (Mosier et al, 
2005). 
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C. Dilute acid pretreatment 
Dilute acid pretreatment has been extensively studied and typically employs 0.4–2% (by 
volume) of acid (nitric, sulfur dioxide, phosphoric acid, and mainly sulfuric acid) at 
temperatures of 160–220oC to remove hemicelluloses and enhance digestion of cellulose 
(Hsu and Nguyen, 1999; Lee et al, 1997, Mussatto et al, 2004, Saha et al, 2005, Shen et al, In 
press).  
There are primarily two types of dilute acid pretreatment processes: low solids loading (5–
10% (w/w)), high-temperature (T>433 K), continuous-flow processes and high solids 
loading (10–40% (w/w), lower temperature (T<433 K), batch processes (Silverstein, 2004). 
In recent years, treatment of lignocellulosic biomass with dilute sulphuric acid has been 
primarily used as a means of hemicellulose hydrolysis and pretreatment for enzymatic 
hydrolysis of cellulose. Dilute sulphuric acid is mixed with biomass to hydrolyze 
hemicellulose to xylose and other sugars, and then continue to break xylose down to form 
furfural (Lee, 1999). It is believed that furfural has an inhibitory effect on fermentation; 
consequently, the pretreatment process should be optimized to maximize the xylose 
production yield and minimize the furfural formation yield. 
II. Other Pretreatment methods 
There are numerous pretreatment methods reported in the literature which all have some 
advantages; however, most of these methods are not well-developed or are employed just at 
the lab scale. Among all the methods reported in the literature, lime pretreatment, ammonia 
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pretreatment and biological pretreatment are the methods which are the most likely 
candidates for improvement and may possibly be employed at industrial scale in the near 
future. Consequently, concise reviews of these three methods are given here.   
A. Lime pretreatment 
The process of lime pretreatment starts with making a slurry of lime with water followed by 
spraying it onto the biomass and storing it for a period of hours to a week (Moseir et al, 
2004). All of the reported input particle sizes in the literature for this method are smaller 
than 10 mm (Sharmas et al, 2002; Soto et al 1994; Playne, 1984). 
Lime pretreatment usually utilizes lower temperatures and longer residence times compared 
to other pretreatment technologies. The major drawback for this method is the conversion of 
alkali to irrecoverable salts (Mosier et al., 2004). 
B. Ammonia pretreatment  
The main method of pretreatment using ammonia involves feeding an ammonia solution (5-
15%) through a column reactor loaded with biomass at a temperature of 160-180 oC with a 
residence time of around 10 to 20 minutes; this method is known as ammonia fibre/freeze 
explosion (AFEX) and ammonia recycled percolation (ARP) (Mosier et al, 2004). 
The ammonia freeze explosion pretreatment simultaneously reduces lignin content and 
removes some hemicellulose while decrystallizing cellulose. Thus, it affects both micro-and 
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macro-accessibility of the cellulases to the cellulose (Lin et al., 1981). The cost of ammonia 
recovery mainly drives the cost of this pretreatment (Holtzapple et al., 1992). 
C. Biological Methods 
Biological pretreatment techniques have not been developed as intensively as physical and 
chemical methods. White rot fungi (which belongs to the class Basidiomycetes) is the main 
microorganism used for the pretreatment of biomass (Hatakka, 1983), and mainly attacks 
both cellulose and lignin (Sun and Cheng, 2002). The idea of biological pretreatment is to 
use the microorganisms to remove lignin in the biomass, or even directly convert the 
biomass into fermentable products.  A mild operating condition and a low energy 
requirement make biological pretreatment an attractive option. The major drawback of the 
biological method is its slow processing rate.  This problem must be solved or accommodate 
before the method can be widely adopted in industry.  
2.2.3. Detoxification 
As mentioned earlier, the objective of pretreatment is to alter the structure of biomass in 
order to make the cellulose and hemicelluloses more accessible to hydrolytic enzymes that 
can generate fermentable sugars. However, the hydrolysate from any hydrothermal 
pretreatment methods contains, in addition to fermentable sugars, a broad range of 
compounds, such as weak acids, furan and phenolic derivatives etc., which present 
inhibitory effects on the cellulose components or are toxic to the microorganism used in the 
fermentation step. The composition of these inhibitors strongly depends on the type of 
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lignocellulosic material and the conditions used for pretreatment (Delgenes et al, 1996; 
Palmqvist et al, 1996; Clark and Mackie, 1984). 
Several biological, chemical and physical techniques are reported in the literature in order to 
remove the inhibitors; some of the detoxification processes that have been applied 
commercially are the following (Cantarella, 2004): 
 Ion exchange 
 Calcium hydroxide treatment 
 Molecular sieve 
 Steam stripping 
Among the various techniques for detoxification reported in the literature, solvent 
extraction probably is the best studied method, the adopted procedures being very similar 
for different solvents; ethyl acetate has been used for extracting low molecular weight 
phenolics from oak wood; chloroform, ethyl acetate, and trichloroethylene operate in a 
similar way in both neutralised and overlimed hydrolysates, decreasing the phenolic content 
of the solutions (Cantarella, 2004; Clark and Mackie, 1984). 
Detoxification is a cost determining step (due to the cost of reagents and waste disposal) that 
can account for up to 22% of the ethanol production cost (Sivers, 1994). As a result, 
optimization of the pretreatment process to minimize the energy requirements and inhibitor 
generation can play a major role in total conversion chain optimization.  
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2.2.4. Hydrolysis of Cellulose  
Following pretreatment, the cellulose is ready for hydrolysis, in which the cellulose is 
converted into sugars, generally by the action of mineral acid or enzymes. The overall 
reaction has the following form: 
 𝐶6𝐻10𝑂5 𝑛 + 𝑛𝐻2𝑂
𝑎𝑐𝑖𝑑 /𝑒𝑛𝑧𝑦𝑚𝑒
          𝑛𝐶6𝐻12𝑂6 
Hydrolysis of biomass without prior pretreatment results in sugar yield of typically less than 
20%, whereas yields after pretreatment often exceed 90% (Hamelinck et al., 2005). A concise 
review of acid hydrolysis (both dilute and concentrated acid) and enzymatic hydrolysis of 
cellulose is given in this section. 
I. Acid hydrolysis 
Acid catalyzed cellulose hydrolysis is a complex heterogeneous reaction which involves 
both physical factors as well as hydrolytic chemical reactions. The molecular mechanism of 
acid-catalyzed hydrolysis of cellulose (cleavage of β-1-4-glycosidic bond) follows the pattern 
outlined in Figure 3. Acid hydrolysis proceeds according to the three following steps (Xiang 
et al., 2003): 
1. The reaction starts with a proton from the acid interacting rapidly with the 
glycosidic oxygen linking two sugar units, forming a conjugate acid.  
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2. The cleavage of the C-O bond and breakdown of the conjugate acid to the cyclic 
carbonium ion then takes place, which adopts a half-chair conformation.  
3. After a rapid addition of water, free sugar and a proton are liberated. The formation 
of the intermediate carbonium ion takes place more rapidly at the end than in the 
middle of the polysaccharide chain. 
 
Figure 3 Mechanism of acid catalyzed hydrolysis of β-1-4 glucan (Xiang et al., 2003) 
Monosaccharide products can be further degraded into undesirable chemicals which can 
have an inhibitory effect on downstream processes (Lin and Tanaka, 2006). There are two 
basic types of acid hydrolysis: dilute acid and concentrated acid. 
A. Dilute acid hydrolysis 
Dilute acid hydrolysis is usually employed to hydrolyse both hemicellulose and cellulose, 
consequently dilute acid hydrolysis occurs in two stages to take advantage of the differences 
between hemicellulose and cellulose. The first stage is performed at low temperature to 
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maximize the yield from the hemicellulose; and the second (with C5 sugars removed by 
filtration), higher-temperature stage is optimized for hydrolysis of the cellulose portion of 
the feedstock (Farooqi and Sam, 2004). The first stage is conducted under mild process 
conditions to recover the 5-carbon sugars and avoiding inhibitor formation while the second 
stage is conducted under harsher conditions to recover the 6-carbon sugars (Demirabs, 2006 
and 2007). A schematic flowsheet for dilute acid hydrolysis is given in Figure. 4. 
 
Figure 4 Two stages dilute acid hydrolysis 
Most dilute acid processes are limited to a sugar recovery efficiency of around 50% (Badger, 
2006). The primary challenge for dilute acid hydrolysis processes is how to raise glucose 
yields to higher than 70% in an economically viable industrial process while maintaining 
high cellulose hydrolysis rates and minimizing glucose decomposition (Balat et al., 2008).  
B. Concentrated acid hydrolysis 
The concentrated acid process provides a rapid conversion of almost all cellulose to glucose 
and hemicelluloses to 5-carbon sugars with little degradation. The critical factors that should 
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be optimized to make this process economically viable are sugar recovery, inexpensive 
neutralisation with minimisation of external reagents, and acid recycling (Hamelinck et al., 
2005). The concentrated acid process uses relatively mild temperatures compared to dilute 
acid hydrolysis; reaction times are typically much longer than for dilute acid processes 
(Balat et al., 2008).  The low temperatures and pressure of this process leads to minimization 
of the sugar degradation. The main disadvantage of concentrated acid hydrolysis is the need 
for acid recovery and the high cost of anticorrosive materials used in equipment 
manufacturing.  
II. Enzymatic hydrolysis 
Enzymatic hydrolysis of cellulose is carried out by cellulase enzymes which are highly 
specific (Beguin and Aubert, 1994). The products of the hydrolysis are usually reducing 
sugars including glucose. The utility cost of enzymatic hydrolysis is low compared to acid or 
alkaline hydrolysis because enzyme hydrolysis is usually conducted at mild conditions (pH 
4.8 and temperature 45–50 oC) and does not have a corrosion problem. Both bacteria and 
fungi can produce cellulases for the hydrolysis of lignocellulosic materials. These 
microorganisms can be aerobic or anaerobic, mesophilic or thermophilic. Because the 
anaerobes have a very low growth rate and require anaerobic growth conditions, most 
research for commercial cellulase production has focused on fungi (Duff and Murray, 1996). 
Sun and Cheng (2001) suggest that for an enzymatic reaction, three factors determine yield 
and rate of enzymatic hydrolysis, which are as follows 
 Substrate 
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 Enzyme activity (cellulase activity here) 
 Reaction conditions such as pH and temperature 
A brief review on the effect of each factor is given below. 
A. Substrate 
Substrate concentration is one of the main factors affecting the initial rate of enzymatic 
hydrolysis of cellulose (Sun and Cheng, 2002). Cheung and Anderson (1997) suggest that at 
low substrate concentration, the yield and reaction rate of hydrolysis increase by increasing 
substrate concentration. On the other hand, it is suggested that at high substrate 
concentration, substrate inhabitation occurs—which mainly depends upon the ratio of 
substrate to total enzyme (Penner and Liaw, 1994). 
The reactivity/susceptibility of cellulosic substrate to cellulases depends upon the physical 
structure of the substrate such as cellulose crystallinity, degree of polymerization (DP), 
surface area, and lignin content (McMillan, 1994).   
B. Cellulase and Reaction Condition  
Increasing the dosage of enzymes (cellulases) can increase the rate of the hydrolysis; 
however, on the other hand it would significantly increase the cost of the process. Extensive 
studies have been carried out to reduce the cost of cellulase and the National Renewable 
Energy Laboratory is planning to reduce the enzyme cost by 20 fold in near future (Aden et 
al. 2002). Mes-Hartree et al. (1987) suggest that cellulase recovery can effectively reduce the 
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cost of the hydrolysis process, although the efficiency of cellulase decreases gradually with 
each recycling step. 
Enzymatic hydrolysis generally consists of three main steps as follows (Sun and Cheng, 
2002): 
 Adsorption of cellulase enzyme onto the surface of cellulose 
 Biodegradation of cellulose to fermentable sugars 
 Desorption of cellulase  
The activity of cellulase usually decreases as time passes; Converse et al. (1988) suggest that, 
the irreversible adsorption of cellulase on cellulose is partially responsible for this 
deactivation. Several studies have focused on the effect of different surfactants to reduce the 
enzymatic deactivation. 
Another major effect on cellulase is caused by glucose, which is the end product of 
hydrolysis. Several methods have been developed to reduce this inhibition; probably the 
most widely accepted method is simultaneous saccharification and fermentation (SSF), in 
which reducing sugars produced in cellulose hydrolysis or saccharification are 
simultaneously fermented to ethanol, which keeps the glucose concentration low and 
greatly reduces the product inhibition of the hydrolysis process (Sun and Cheng, 2002). 
2.2.5. Fermentation 
Ethanol fermentation is a biological process in which organic material is converted by 
microorganisms to simpler compounds, such as sugars. These fermentable compounds are 
23 Chapter 2: Literature Review  
 
 
then fermented by microorganisms to produce ethanol and CO2. Fermentation processes 
from any material that contains sugar could in principal produce ethanol. The varied raw 
materials used in the manufacture of ethanol via fermentation are conveniently classified 
into three main types of raw materials: sugars, starches, and cellulosic materials. Sugars can 
be converted into ethanol directly. Starches must first be hydrolyzed to fermentable sugars 
by the action of enzymes from malt or moulds (e.g. α-amylase). Cellulose must likewise be 
converted into sugars, which is currently performed generally by the action of mineral acids 
(Lin and Tanaka, 2005). 
Historically, the most commonly used microbe for fermentation has been yeast. Among the 
yeasts, Saccharomyces cerevisiae, which can produce ethanol at concentrations as high as 18% 
of the fermentation broth, is preferred for most ethanol fermentations. This yeast can grow 
both on simple sugars, such as glucose, and on the disaccharide sucrose. Saccharomyces is 
also generally recognized as safe as a food additive for human consumption and is therefore 
ideal for producing alcoholic beverages and for leavening bread (Brink et al., 2008). 
Several microorganisms have been employed for lignocellulosic biomass fermentation; 
however, studies on fermentation processes utilizing these microorganisms have shown this 
process to be very slow (3–12 days) with a poor yield (0.8–60 g/l of ethanol), which is most 
probably due to the low resistance of microorganisms to higher concentrations of ethyl 
alcohol. Another disadvantage of this process is the production of various by-products, 
primarily acetic and lactic acids (Lin and Tanaka, 2005; Herrero and Gomez 1980; Wu et al. 
1986). 
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Since most fermentation processes employed so far are batch processes which have long 
operating times in each cycle and depend strongly on the operating variables, it is very 
important to define the optimum conditions to achieve sufficient profitability. Kinetic 
models describing the behaviour of microbiological systems can be highly valuable tools and 
can reduce tests to eliminate extreme possibilities. There are numerous kinetic models 
reported in the literature for different fermentation processes (Lin and Tanaka, 2005). 
Although four factors (substrate limitation, substrate inhibition, product inhibition, and cell 
death) are known to affect ethanol fermentation, none of these models accounts for these 
kinetic factors simultaneously. In order to optimize the fermentation process, the problem of 
a lack of appropriate kinetic models for fermentation should be solved (Gulnur et al., 1998).  
2.2.6. Hydrolysis and Fermentation Process Configuration 
There are two main process configurations regarding hydrolysis and fermentation: 1) 
simultaneous saccharification and fermentation (SSF) and 2) separate hydrolysis and 
fermentation (SHF). When enzymatic hydrolysis and fermentation are performed 
sequentially, it is referred to as a separate hydrolysis and fermentation (SHF). However, the 
two process steps can be performed simultaneously, i.e. simultaneous saccharification and 
fermentation (SSF) (Öhgren et al. 2007). Brief reviews of these two configurations are given 
below. 
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I. Separate Hydrolysis and Fermentation (SHF) 
If the enzymatic hydrolysis is performed separately from fermentation, the step is known as 
SHF. In the SHF configuration, the liquid flow from the hydrolysis steps first enters the 
glucose fermentation reactor, and then following fermentation, the mixture is distilled to 
remove the bioethanol. Finally, unconverted xylose that is left behind enters the second 
reactor to be fermented to bioethanol and, the bioethanol is again distilled off (Rudolf et al., 
2005). 
The primary advantage of SHF is that hydrolysis and fermentation occur at optimum 
conditions; the disadvantage is that cellulase enzymes are end-product inhibited so that the 
rate of hydrolysis is progressively reduced when glucose and cellobiose accumulate (Hahn-
Hagerdal et al., 2006). 
 
Figure 5. Lignocellulosic conversion process with separate hydrolysis and fermentation 
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II. Simultaneous Saccharification and Fermentation (SSF) 
If enzymatic hydrolysis is performed simultaneously with fermentation, the step is known as 
SSF. In SSF, cellulases and xylanases convert the carbohydrate polymers (both C5 and C6 
loaded) to fermentable sugars. SSF requires lower amounts of enzyme because end-product 
inhibition from cellobiose and glucose formed during enzymatic hydrolysis is relieved by the 
yeast fermentation (Dien et al., 2003; Chandel et al., 2007). SSF is a batch process using 
natural heterogeneous materials containing complex polymers like lignin, pectin and 
lignocelluloses (Sabu et al., 2006).  
The major advantages of SSF as described by Sun and Cheng (2002) include:  
 Increase of hydrolysis rate by conversion of sugars that inhibit the cellulase activity. 
 Lower enzyme requirements. 
 Higher product yields. 
 Lower requirements for sterile conditions. 
 Glucose is removed immediately and bioethanol is produced. 
 Shorter process time. 
 Lower reactor volume. 
The SSF process also has some disadvantages. The main disadvantage of SSF lies in 
different temperatures that are optimal for saccharification and fermentation (Krishna et al., 
2001). In many cases, a low pH and high temperature may be favourable for enzymatic 
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hydrolysis, whereas a low pH inhibits lactic acid production and the high temperature may 
adversely affect the fungal cell growth (Haung et al., 2005). 
III. Simultaneous Saccharification and Fermentation (SSCF) 
More recently, the SSF technology has proven advantageous for the simultaneous 
fermentation of hexose and pentose which is the so-called simultaneous saccharification and 
co-fermentation (SSCF) process. In SSCF, the enzymatic hydrolysis continuously releases 
hexose sugars, which increases the rate of glycolysis so that the pentose sugars are 
fermented faster and with higher yield (Hahn-Hagerdal et al., 2006). This therefore does not 
need a subsequent pentose fermentation step. 
2.3. Modelling and Solution Approaches 
Most of the models developed for bioconversion of lignocellulosic process in the literature 
are empirical in nature. Although empirical models can offer some understanding of the 
process, these models are only valid for the narrow processing conditions for which they are 
developed; however, in-depth understanding of the process and predictive modelling is a 
perquisite for process optimization. In contrast to correlation-based models, are 
characteristic models which employ sets of first principle sub-models to derive the process 
models. Characteristic modelling requires a more in-depth understanding of the process 
compared to correlation-based models; however, once developed, these models can be used 
for a wider range of processing conditions and consequently can enable process 
28 Chapter 2: Literature Review  
 
 
optimization. Table below summarises some of the models developed for different steps in 
bioconversion process. 
Table 1. Summary of the models for different steps in bioconversion process 
Process Key Model Features Reference 
Rittinger’s Law for Size 
Reduction 
Energy required for size reduction is directly proportional to 
the increase in surface area 
Walker and Shaw 1955 
Kick’s Law for Size Reduction 
Energy required for size reduction is directly proportional to 
the size reduction ratio 
Gates, 1915 
Bond’s Law for Size Reduction An intermediate between Rittinger’s and Kick’s law Sinnott et al., 2005 
Severity factor for modified 
severity factor 
Relates pretreatment yield to the interrelationship of time, 
temperature, and acid concentration 
Garrote et al., 1999 
Saeman’s model for 
hemicellulose hydrolysis 
Assumes that hemicelluloses are directly hydrolysed to xylose 
then breaks down to degradation products in the second 
reaction 
Saeman, 1945 
Modified Saeman’s model for 
hemicellulose hydrolysis 
Assumes that there are two types of hemicelluloses, one fast 
reacting and one slow reacting 
Kobayashi and Sakai, 
1955 
Third variation of the Saeman’s 
model for hemicellulose 
hydrolysis 
Assumes that there are two types of hemicelluloses by the 
inclusion of an oligomeric intermediate 
Jacobsen and Wyman, 
2000 
Kumar and Wyman’s model for 
hemicellulose hydrolysis 
Takes into account the degree of polymerisation ranging from 2 
to 5 
Kumar and Wyman, 2008 
Enzymatic Hydrolysis 
conversion as the output of enzyme loading and substrate 
concentration 
Sattler et al., 1989 
Enzymatic Hydrolysis conversion as the output of pretreated biomass properties 
Chang and Holtzapple, 
2000; Koullas et al., 1992 
Enzymatic Hydrolysis rate as the output of hydrolysis time and enzyme loading 
Miyamoto and Nisozawa, 
1945 
Enzymatic Hydrolysis rate as the output of hydrolysis time cellulose conversion Ooshima et al., 1982 
Enzymatic Hydrolysis 
A model to correlate maximum conversion in relation to 
residual lignin, crystallinity index, and acetyl content 
Chang and Holtzapple, 
2000 
Enzymatic Hydrolysis 
Relate maximum conversion with Crystallinity and degree of 
delignification 
Koullas et al. (1992) 
Enzymatic Hydrolysis 
Describes final fractional conversion after enzymatic 
hydrolysis of pretreated poplar in relation to cellulase loading 
Sattler et al., 1989 
Enzymatic Hydrolysis 
Employs conversion-dependent rate constant to account for 
declining specific activity of cellulase–cellulose complexes 
over the course of hydrolysis 
South et al., 1995 
Enzymatic Hydrolysis 
Considers substrate concentration, DP, non competitive 
inhibition in M-M adsorption kinetics 
Suga et al., 1975 
Enzymatic Hydrolysis 
Considers substrate concentration, DP, non competitive 
inhibition in Langmuir kinetics 
Fenske et al., 1999 
Enzymatic Hydrolysis 
Considers substrate concentration, DP, non competitive 
inhibition with dynamic adsorption 
Converse and Optekar, 
1993 
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2.3.1. Multiscale Modelling 
As mentioned earlier, in order to be viable, bioenergy should be economically competitive 
with fossil fuel, which requires overall process modelling and optimisation. However, 
developing a holistic model for lignocellulosic bioconversion requires the incorporation of 
models from different fields starting from systems biology to supply chain modelling. An 
illustration of this concept is shown in Figure 6. Since each of these models describes 
phenomena at different times and length scale, the holistic model development is a complex 
task. Unfortunately, the ability to simulate complete systems does not follow immediately or 
easily from an understanding, however comprehensive, of the component parts. For that, 
we need to know and to faithfully model how the system is connected and controlled at all 
levels (Dolbow et al. 2004). Systems that depend inherently on physics at multiple scales 
pose notoriously difficult theoretical and computational problems. The properties of these 
systems depend critically on important behaviours coupled through multiple spatial and 
temporal scales, often without a clear separation between scales, and as such, their 
description does not fall within the set of classical methods for crossing scales. In such 
situations, consistent and physically realistic mathematical descriptions of the coupling 
between, and behaviour of, the various scales are required to obtain robust and predictive 
computational simulations (Dolbow et al. 2004).  
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Figure 6. Multiscale Nature of Lignocellulosic Bioconversion. 
Multiscale modelling is a method which models a large, complex system by combining 
various simulation models, each dedicated to certain physical aspects characterized by a 
certain length scale. In the subject of chemical engineering, the length scale ranges from 
molecular scale to plant scale (Doi, 2002).  
In this thesis the objective is to capture all the influential processes at different scale in one 
universal model, for example in chapter 3 and 4 a multiscale models of hydrothermal 
pretreatment methods is developed, starting from the microscale level where chemical 
reaction takes place followed by the mesoscale level in which the diffusion in lignocellulosic 
material is the main process and finally the macroscale level where the mixing and bulk 
diffusion are important.  
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At microscale level, a new mechanism for hydrolysis of hemicellulose has been proposed in 
which the bond breakage is function of position in the hemicellulose chain and all the bonds 
with same position undergo the breakage at the same time. At the mesoscale level a model 
for diffusion of water into wood and diffusion of soluble sugars out of the wood in aqueous 
media has been developed. Finally, a general model for considering water diffusion into the 
biomass, hydrolysis reaction and diffusion of soluble sugars out of the wood simultaneously 
has been proposed. 
2.4. Concluding Remarks 
In this chapter, the recent literature from several fields concerning bioconversion of 
lignocellulosic material has been reviewed. In particular, this chapter has described a general 
overview of main bioconversion steps that are utilised to develop models in the further 
chapters in this thesis. A more detailed literature review regarding each chapter is given at 
the beginning of the chapters. The next chapter introduces the main processing problems 
which are the causes of low processing yield and consequently high processing cost.  
 
 
 
 
 Chapter 3 
Problem Definition 
3. 1 Introduction 
In chapter 1, we introduced the background to the problem and in chapter two we reviewed 
the relevant literature. In this chapter we introduce the main processing problems which are 
the causes of low processing yield and consequently high processing cost. 
3. 2 Application Environment 
This project is part of the Porter Alliance’s research programme to create a sustainable, 
plant based liquid fuels. The Porter Alliance (http://www.porteralliance.org.uk/) is 
collaboration between over 100 scientists from wide range of expertise including: plant 
scientists, molecular biologists, chemists, engineers, mathematicians, instrumentation 
developers, and policy and economic experts. This particular project involves the 
development of mathematical models for a generic biorefinery (a facility that produces 
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multiple products from biomass). The mathematical models will (where possible) be 
validated against experiments performed by other researchers in the Alliance. 
3. 3   Low Yield of Lignocellulosic to Bioethanol Process  
A number of environmental and economic benefits are claimed for biofuels such as energy 
security, reduction of greenhouse gas emissions, and availability of a renewable source for 
increasing energy demand. In addition, compared to gasoline bioethanol has a higher 
octane number, broader flammability limits, higher flame speeds and higher heats of 
vaporization. These properties allow for a higher compression ratio, shorter burn time and 
leaner burn engine, which lead to theoretical efficiency advantages over gasoline in an 
internal combustion engine (Balat, 2007). 
However, large scale production of bioethanol from lignocellulosic material has still not 
been implemented because the bioethanol processing cost is too high to make it competitive 
with conventional fossil fuels. Current fuel ethanol research deals with process engineering 
trends for improving the efficiency of bioethanol production and several studies can be 
found in the literature focusing on improvement of each processing step. From a process 
systems engineering point of view, improving the efficiency of bioethanol production should 
be achieved by improving the efficiency of both physical and chemical steps of the process. 
Physical aspects of the process are those in which composition of overall input and output 
streams do not change (e.g. size reduction), and any processing step in which the 
composition of input and output stream changes can be regarded as a chemical step (e.g. 
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fermentation). In other words, any processing step in which there exists consumption 
and/or generation of chemical species is a chemical step, otherwise it is physical.  
3. 4 Root Cause Analysis 
To identify the causes of problems in the overall process, Root Cause Analysis (RCA) is 
conducted as illustrated in Fig.1. Root cause analysis (RCA) is a class of problem solving 
methods aimed at identifying the root causes of problems or events. The practice of RCA is 
predicated on the belief that problems are best solved by attempting to correct or eliminate 
root causes, as opposed to merely addressing the immediately obvious symptoms. By 
directing corrective measures at root causes, it is hoped that the likelihood of problem 
recurrence will be minimized (Melton, 2007).  
However, it is suggested that complete prevention of recurrence by a single intervention is 
not always possible because some problem may arise due to the interaction between system 
components. Consequently, it is necessary to employ a holistic approach for process 
modelling and optimisation which considers the interactions between not only different unit 
operations but also different time and length scales. These all emphasize the importance of 
using a multiscale modelling approach to identify the causes of problems from unit 
operation scale down to the molecular level. 
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Figure 3.1. Root Cause Analysis of lignocellulosic to ethanol conversion process 
As can be seen in Fig.1, starting from the last processing step (fermentation) its low yield 
can be due to the facts that either the yield of the microorganism is low or digestibility of the 
fibre feedstock of the fermentation is low. Regarding the low yield of the microorganism, it 
can be due to the fact that most microorganisms have a low tolerance to end product 
(ethanol) or there exist some inhibitors in the entering feedstock. These imply that there is a 
need to either manipulate the microorganism genetically to be more tolerant to inhibitors or 
minimize the amount of inhibitors generated. during pretreatment. Regarding the low 
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digestibility of the fibre entering the fermentation unit, it should be noted that this problem 
may be due to non optimum enzymatic hydrolysis process conditions or due to inefficient 
pretreatment which did not open up the lignocellulosic structure to make it more susceptible 
for enzymatic hydrolysis.  
3. 5 Concluding Remarks 
To conclude, it was shown that regarding the low yield of fermentation, root causes of the 
problem lies in non optimal pretreatment and enzymatic hydrolysis as well as an inefficient 
microorganism.  Genetic manipulation of the microorganism to improve its tolerance is 
currently being studied by other members of Porter Alliance in biology and biochemistry 
departments. Consequently, the objective of this work is analysis, modelling and 
optimisation of pretreatment and enzymatic hydrolysis units. In the next chapter we shall 
focus on developing a model for pretreatment to optimize biomass chip size and then in 
chapter 5, the focus will be on developing a kinetic model for the reaction in the 
pretreatment unit (hemicellulose hydrolysis). Chapter 6 is devoted to modelling and 
optimisation of enzymatic hydrolysis. Finally, chapter 7 deals with analysing the overall 
mass and energy balances of the biorefining process. 
 Chapter 4 
Chip Size Optimization  
Part of this chapter was published in the following paper: Hosseini, Seyed Ali, and Nilay 
Shah. “Multiscale modelling of hydrothermal biomass pretreatment for chip size 
optimization.” Bioresource Technology 100, no. 9 (May 2009): 2621-2628.   
4.1. Introduction 
The objective of this chapter is to develop a relationship between biomass chip size and the 
energy requirements of hydrothermal pretreatment processes using a multiscale modelling 
approach. The importance of particle size optimisation on the overall process yield can be 
realized by mentioning the fact that pretreatment has been generally viewed as one of the 
most expensive processing steps in cellulosic biomass-to-fermentable sugars conversion with 
costs as high as US$0.30/gallon of ethanol produced (Mosier et al., 2005). Furthermore, the 
energy requirements for particle size reduction prior to pretreatment can be significant. For 
example, the dilute acid pretreatment process used in the National Renewable Energy 
Laboratory (NREL) design involves grinding to 1–3 mm, which accounts for one third of 
the power requirements of the entire process (Lynd, 2003 and US Department of Energy, 
1993).   
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4.2. The Determinant Factors of Pretreatment  
The severity factor or modified severity factor is currently widely used in the literature to 
characterize some hydrothermal pretreatment methods. The severity of the hydrothermal 
pretreatment processes is often described by a severity factor or modified severity factor, shown 
below as R. The severity factor represents the interrelationship of time, temperature, and 
acid concentration (Garrote et al., 1999). Severity factor has a dimension of time and implies 
hemicellulose conversion increases by increasing time, temperature and acidity of 
pretreatment. 
𝑅 =  𝑡.  𝑒
𝑇−100
14.7 . 10−𝑝𝐻  (4.1) 
Although these factors enable an easy comparison of experimental results to facilitate 
process design and operation, they are not representative of all the factors affecting the 
efficiency of pretreatment, because processes with the same temperature, residence time, 
and pH should not have same effect on biomass chips of different size. Pretreatment 
involves both reaction and diffusion simultaneously; from a chemical engineering point of 
view, in any reaction-diffusion system, diffusion length is determinant factor. To examine 
this intuition, we have performed an experiment to measure the yield of glucose on 
enzymatic hydrolysis for six different feedstocks with six different characteristic sizes (Ray, 
2009). As shown in the following figure, increasing size of the biomass results in a lower 
sugar yield. However, reducing the size of biomass requires a higher energy consumption; 
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consequently it is necessary to find the optimum size which minimizes energy consumption 
for size reduction while offering the maximum possible yield of sugar recovery. 
 
Figure 1. Yield of glucose recovery as a function of biomass size 
4.3. Pretreatment: Mode of Action  
The main objective of pretreatment is to alter the structure of biomass in order to make the 
cellulose more accessible to hydrolytic enzymes that can generate fermentable sugars 
(Mosier et al, 2005). The prerequisites for an ideal lignocellulosic pretreatment can be 
summarized as follows (Lynd, 1996; Mosier et al, 2005): 
 Produce reactive fiber 
 Produce pentose in non-degraded form 
 Not lead to the release of compounds that significantly inhibit the fermentation 
 Require minimum size reduction 
 Minimizes energy demands and limits cost 
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Although numerous pretreatment methods such as steam explosion, lime pretreatment, 
Ammonia Fiber Explosion (AFEX) and organic solvent pretreatment are extensively 
studied in the literature, acid pretreatment is still the choice of several model processes 
(Galbe and Zacchi 1993; Galbe et al. 1997; Mosier et al, 2005; National Renewable Energy 
Laboratory, 2002). The main concern regarding the acid pretreatment method is inhibitor 
generation which may adversely affect the hydrolytic and fermentation steps by inhibiting 
cellulases and microorganisms, respectively (Zaldivar et al. 2001). 
Acid hydrolysis releases oligomers and monosaccharides and has mainly been modelled 
kinetically for hemicellulose hydrolysis to oligomers followed by their breakdown to sugars 
where the sugars can be further degraded to furfural (Kim and Lee, 1984; Maloney et al, 
1985; Bhandari et al, 1984). Furfural itself has an inhibitory effect on the subsequent ethanol 
fermentation (Tran and Chambers 1985). 
It may be assumed that for modelling purposes, any hydrothermal pretreatment (e.g. acid 
pretreatment) can be divided into the following sub-processes: 
(1) The chips are heated to reach the desired temperature. 
(2) In dilute acid treatments, protons diffuse into the chips. 
(3) Water or steam diffuses into the chips. 
(4) Hydrolysis of hemicellulose takes place. 
(5) Solublised sugar diffuses out of the chips. 
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In a multiscale modelling approach it is common to categorize process steps based on the 
length scale in which they are taking place. In this study, the whole pretreatment process is 
studied at three different length scales, micro, meso and macro scale. At the microscale level 
the chemical reaction (hydrolysis) takes place, followed by the mesoscale level in which 
diffusion into lignocellulosic material is the main process and finally the macroscale where 
the mixing and bulk diffusion are important. 
4.4. Model Development 
As discussed earlier, any hydrothermal pretreatment method can be divided to five main 
sub-processes. In the case of the time required for the chips to reach the desired temperature, 
Simpson (2006) proposed a model to calculate the time required to heat the centre of round, 
square, and rectangular wood members in saturated steam by using heat conduction 
equations for a number of combinations of variables such as heating temperature, target 
centre temperature, initial wood temperature, wood configuration dimensions, specific 
gravity, and moisture content. Then he fitted the resulting heating times to multiple 
regression models, resulting in regression equations that provided a calculation method that 
is easier and more convenient to use than the heat conduction equations, especially 
considering the many combinations of the independent variables that might be of interest in 
any pretreatments methods. In addition, he found that deviations between the times 
calculated by regression and those calculated by the heat conduction equations averaged less 
than 10 percent. 
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Based on Simpson’s model, the heating time of wood with round or square cross sections by 
saturated steam is as follows:  
tT = a(Tht)
b  (Tctr)
c (Tinit)
d De Mf Gg (4.2) 
where 
 tT = estimated time for the centre to reach target temperature (min); 
 T
ht 
= heating temperature (°F);  
T
ctr 
= target centre temperature (°F);  
T
init 
= initial wood temperature (°F);  
D = diameter of round cross section or side of square (in.);  
M = Moisture Content (%);  
G = Specific Gravity;  
a ... g = regression coefficients shown in table 1. 
Coefficient 
Cross-section dimension 
Round Square 
a 38.41 45.36 
b -2.969 -2.954 
c 3.013 2.996 
d -0.2626 -0.2616 
e 2 2 
f -0.0946 -0.2158 
g 0.2157 0.2158 
r
2
 0.989 0.991 
Table 1. Regression coefficients of eqn.2, adopted from Simpson (2006) 
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Using Simpson’s model to estimate the heating time for the wood chips in the size range of 
1–10 mm implies that the time for heating is at least three orders of magnitude smaller than 
the pretreatment time (data not shown), which is usually in the order of minutes [Galbe and 
Zacchi, 2002; Sassner et al., 2005].  
Based on the above discussion, it is assumed that the time required for heating the chips to 
the desired temperature is negligible in comparison with the time required for the other sub-
processes. In addition, it is worth mentioning that usually heating is done prior to chemical 
addition, consequently heating time does not seem to have much effect on the overall 
pretreatment yield. However, it should be noted that, temperature is an important factor 
affecting pretreatment; here we are only assuming the time needed for heating is negligible 
in comparison with other factors.  
The time needed for the diffusion of hydrogen ions is assumed to be negligible in 
comparison with the time needed for the diffusion of water due to the fact that hydrogen 
ions diffuse can be described by Grotthuss mechanism, whereby protons tunnel from one 
water molecule to the next via hydrogen bonding (Grotthuss, 1806). This all implies that 
neglecting the ion diffusion time is an acceptable assumption.  
As a result of neglecting the time needed for heating and ion diffusion, the five sub-processes 
discussed above can be reduced to three, namely 1) diffusion into the chips; 2) reaction; 3) 
diffusion of soluble sugars out of the chips . In addition, it is assumed that sugar solution 
and water have same diffusion rate. 
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Figure 2. a) Diffusion of water into the chips, b) reaction, c) diffusion of solubilised sugar out of chips 
Due to the difficulty of finding a strict mechanism for hydrolysis reactions of hemicellulose, 
simplified models are commonly used to determine the rate of the hydrolysis of 
hemicellulose. Aguilar et al. (2002) propose the following generalised model based on 
Saeman’s model (1945). 
Polymers 
k1
  Monomers  
k2
  Decomposition products 
where k1 is the rate of the generation reaction and k2 is the rate of the decomposition 
reaction (min−1). Solving the differential equations, Aguilar et al. (2002) proposed the 
following model to predict the concentration of monomers: 
𝑀 = 𝑀0𝑒
−𝑘2𝑡+ ∝ 𝑃0
𝑘1
𝑘2 − 𝑘1
 𝑒−𝑘1𝑡−𝑒−𝑘2𝑡  (4.3) 
Where M and P are concentrations of monomer and polymer expressed in g/litre, t is time, 
subscript 0 indicates initial conditions, and α is the constant in the range of 0.55–1.00.  
Since Aguilar et al. (2002) reported that k1/k2 is usually around 80, and because in this work 
the focus is on the first reaction, we shall neglect the decomposition reaction. In addition, it 
a                            b         c 
Figure 2 a) Diffusion of water into the chips, b) reaction, c) diffusion of solubilised sugar out of chips 
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is assumed that for constant process conditions, k1 is constant. The implementation of the 
assumptions results in the following model for calculation of the reaction time. 
𝑡 =
1
𝑘1
(
∝ 𝑃0
∝ 𝑃0 − 𝑀
) (4.4) 
Although the coefficients in eqn.4.4 are reported for a number of biomass types (paper birch, 
corn stover, switchgrass, poplar, silvergrass, rice straw and bagasse), in our work they are 
treated as generic parameters in order to develop a general model and enable calculation 
across a range of different feedstocks. In eqn.4.4, it should be noted that the reaction time is 
not dependent on the size of biomass chips and it is constant for each type of biomass, 
independent of the size. 
It should be added that since the reaction rate is not function of particle size, as long as the 
reaction rate is of the correct order of magnitude, the procedure to determine an effective 
particle size will be accurate. However it is strongly believed by the authors that the 
development of kinetic models for hemicellulose hydrolysis which do not assume the same 
reactivity for oligomers with different lengths and single bond breakage at any time could 
result in minimization of inhibitor formation, which is as important as the energy saved 
through particle size optimization. In particular, it should be noted that larger particles will 
result in the first monomers produced remaining in an aggressive environment for longer, 
resulting in more over-reaction.  
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In the remaining part of this section, we develop a model based on diffusion of steam or 
liquid into the biomass to determine the time needed for diffusion of steam or liquid into the 
biomass as function of biomass chip radius to determine the optimum chip size for dilute 
acid pretreatment and steam explosion. 
In steam pretreatment, a comparison between diffusion length and system size (table 2) 
implies that the concentration is highly time dependent and large gradients exist in different 
parts of the system at any time. This is always the case whenever the system size (chip size 
here) is much larger than the diffusion length [Treybal, 1980].  
 Time (s) 
Diffusion 
Coefficient 
(m
2
/s) 
Diffusion 
Length( 𝑡𝐷) 
(m) 
System Size 
(m) 
Minimum 103  10−12  10−5  10−2  
Maximum 104   10−11  10−4 10
−3
 
Table 2: Comparison between diffusion length and system size in steam explosion 
Due to the complexity associated with understanding the mechanism of the flow process in 
which the mass transfer takes place, an empirical model was employed for steam 
pretreatment (Treybal, 1980). However in all the pretreatment methods except steam 
explosion, the liquid phase is stagnant and a linear model of concentration can be employed 
(Treybal, 1980); consequently, the governing equation for all hydrothermal pretreatment 
methods except steam explosion is shown in eqn.5. 
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𝐽 = 𝐷
𝑑𝐶
𝑑𝑟
 
Where 
       J : Diffusion flux  
      D : Diffusion Coefficient 
      C : Concentration 
      r : Length 
(4.5) 
In this study, the shape of the reduced-size biomass is assumed to be spherical since that is 
the most difficult shape for mass transfer, due to the lowest ratio of surface area to volume. 
It should be noted that, having the data for spherical biomass, it is possible to estimate these 
values for other shapes using the hydraulic diameter. However, regarding the different 
directions of diffusion in wood, Fotsing and Tchagang (2005) showed that longitudinal 
diffusion is more important than radial diffusion and tangential diffusion; they thought this 
is due to the cellular cavities that form obstacles for the water molecules diffusing in wood. 
In addition they showed that longitudinal diffusion is 10 to 15 times faster than transverse 
diffusion (radial and tangential); as a result the hydraulic diameter for biomass with non-
spherical shapes should represent the diameter of the surface perpendicular to the 
longitudinal direction of the biomass.   
Garner and Grafton (1954) suggest a general model of mass transfer by natural and forced 
convection from solid spheres in fluid as follows:  
𝑘𝑑
𝐷
= 0.50(𝐺𝑟. 𝑆𝑐)0.25 + 0.48𝑅𝑒0.5𝑆𝑐0.33 
(4.6) 
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Where  
       Gr : Grashof number 
       Re : Reynolds number 
       Sc : Schmit number 
In eqn.6, Gr represents the Grashof number (
𝑔 .𝛽 .∆𝐶.𝑙3
𝜈3
), where β represents the behaviour of 
density as a function of concentration; however, it is assumed that the concentration of 
solubilised sugar is not high enough to change the density of the mixture significantly. 
Consequently, the first term in eqn.6 can be eliminated (Gr=0) and it can be simplified to 
eqn.7. 
kd
D
=0.48Re
0.5
Sc
0.33 
(4.7) 
In order to use eqn.5 and 7 for different feedstocks, the diffusion coefficient (D) should be 
found for each specific biomass and pretreatment type as a function of concentration, 
temperature, and time. In the literature, a model proposed by Gruwel et al. (2008) is capable 
of calculating the diffusion coefficient of water into wheat (eqn.8) with a high accuracy: 
𝐷 𝑡 = 𝐷
 
 
 
 
1 −  1 −
1
∝
  
𝑐 𝑡 +  1 −
1
∝ 
𝑡
𝜃 
 1 −
1
∝ +  𝑐 𝑡 +   1 −
1
∝ 
𝑡
𝜃
 
 
 
 
 
 (4.8) 
where 
 c = (4/9√π)*(S/V)√D  
 θ = Constant with the dimension of time, 
 α, θ, c = constants reported for embryo and endosperm by Gruwel [24]. 
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Although calculation of diffusion coefficients for different feedstocks requires data similar to 
that used in eqn.8, these data have not been found in the literature. This implies the need for 
more experiments, which will form part of the Porter Alliance’s future work. A procedure to 
determine these experimentally would involve for example thermogravimetric analysis 
(TGA) of biomass samples of different particle sizes and shapes immersed in water under 
different conditions. Alternatively, hemicellulose hydrolysis with different particle sizes 
combined with dynamic analysis of the bulk liquid composition could be used to fit the 
parameters in our model. In the remaining discussion, we shall assume that the feedstock 
behaves like porous media in the case of diffusion; consequently, the effective diffusion 
coefficient (eqn.4.9) in porous media can be employed (Weissberg, 1963). 
𝐸𝐷 =
Ф𝐷
1 − 0.5𝐿𝑛Ф
 
(4.9) 
Where 
ED = Effective Diffusion Coefficient 
Ф = Void Fraction 
D = Actual Diffusion Coefficient 
4.5. Model for uncatalysed steam pretreatment 
Based on the above assumptions, a characteristic model of uncatalysed steam explosion is 
developed here. The flux of mass from the chips can be calculated from the following 
general equation: 
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𝐽 =
𝑑𝑛
𝐴𝑑𝑡
= 𝐾∆𝐶 (4.10) 
Substituting the k from eqn.4.7 into eqn.4.10 will result in: 
(0.48Re
0.5
Sc
0.33
). 
ФDφ
1-
1
2
LnφФ
.
1
r
.∆C=J 
(4.11) 
The above equation represents the flux of substantial hemicellulose monomers and 
oligomers as a function of factors such as concentration void fraction, diffusion coefficient, 
and particle size in addition to velocity, density, and viscosity of the moving phase. 
However, it does not provide a direct relationship between time and process factors. To 
clarify the relationship between time and process factors, the definition of flux is as follows:   
𝑑𝑡 =
𝑑𝑛
𝐴. 𝐽
 (4.12) 
 Although eqn.4.12 gives a relationship between time and flux, it also involves the number 
of moles (n), which is not easily measurable; consequently, in eqn.4.13 and 4.14 the number 
of moles is replaced by a function of particle radius.  
𝑑𝑛 =
𝜌𝑑𝑉  
𝑀
 = 
4𝜋𝑟2𝜌𝑑𝑟
𝑀
 (4.13) 
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𝑑𝑡 =
4𝜋𝑟2𝜌𝑑𝑟
𝑀𝐴𝐽
 (4.14) 
Combining eqn.4.11 with eqn.4.14 results in the relationship between time and process 
factors, as can be seen in eqn.4.15.  
𝑑𝑡 =
4𝜋𝑟2𝜌𝑑𝑟
𝑀
.
1
 0.48𝑅𝑒0.5𝑆𝑐0.33 .𝐴.
Ф𝐷
1 −
1
2 𝐿𝑛Ф
.
1
𝑟 . ∆𝐶
 
(4.15) 
As mentioned earlier, the particles are assumed to be spherical, consequently, the surface 
area (A) can be replaced by 4πr2, which results in eqn.4.16.  
𝑑𝑡 =
𝜌𝑑𝑟
𝑀
 . (
1
 0.48𝑅𝑒0.5𝑆𝑐0.33 .
Ф𝐷
1−
1
2
𝐿𝑛 Ф
.
1
𝑟
.∆𝐶
) (4.16) 
To define the Reynolds number for the pretreatment unit, the definition for a packed bed 
can be employed, since the flow behaviour in both is around particles of the order of 
millimetres and of same order of velocity. The Reynolds number for packed beds is defined 
as follows (Treybal, 1980):  
𝑅𝑒 =  
𝜌𝑢(2𝑟)
𝜇(1 − 𝜀)
 (4.17) 
  where 
ρ = Density of the fluid  
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μ = Dynamic viscosity of the fluid  
u = velocity   
 ε = Dimensionless void fraction defined as the volume of void space over the total                                   
volume of packing 
2r = Equivalent spherical diameter of the particle  
 
Replacing Re from eqn.4.17 into eqn.4.16 results in:  
𝑑𝑡 =
𝜌𝑑𝑟
𝑀(
Ф𝐷
1 −
1
2 𝐿𝑛Ф
)0.67  0.48  
𝜌𝑢
𝜇(1 − 𝜀)
 
0.5
𝑟−0.5(
𝜇
𝜌)
0.33 . ∆𝐶
 
(4.18) 
Integration of eqn.4.18 results in the following general relationship between time required 
for diffusion and some process and feedstock characteristics for uncatalysed steam 
explosion: 
𝑡 =  
𝜌𝑟1.5
𝑀(
Ф𝐷
1 −
1
2 𝐿𝑛Ф
)0.67  0.48  
𝜌𝑢
𝜇(1 − 𝜀)
 
0.5
(
𝜇
𝜌)
0.33 . ∆𝐶
 
(4.19) 
4.6. Model for Liquid Hot Water and Dilute Acid Pretreatments 
The relationship between the processing time and the chip size calculated in eqn.4.14 is 
valid for acid pretreatment as well, although it should be replaced in eqn.4.3 to give the 
process time as a function of chip size, surface area, and concentration gradient as follows:  
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𝑑𝑡 =
4𝜋𝑟2𝜌𝑑𝑟
𝑀𝐴𝐷
𝑑𝐶
𝑑𝑟
 
(4.20) 
Replacing the surface area in eqn. 4.20 with 4πr2, results in eqn. 4.21.  
𝑑𝑡 =
𝜌𝑑𝑟
𝑀𝐷
𝑑𝐶
𝑑𝑟
 (4.21) 
Replacing the diffusion coefficient in eqn.4.21 with the effective diffusion coefficient, 
defined in eqn.4.9, and integrating it results in the following general relationship between 
the time required for diffusion and the process and feedstock characteristics. 
𝑡 =
𝜌. 𝑟2 . (1 −
1
2
𝐿𝑛Ф)
2𝑀. Ф.𝐷. ∆𝐶
 (4.22) 
As can be seen in eqn.4.19 and 4.22, the diffusion time is a function of seven variables 
shown below: 
𝐷𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛 𝑡𝑖𝑚𝑒 = 𝑡 𝑟, 𝑢, 𝜀, 𝑇𝑦𝑝𝑒 𝑜𝑓 𝑏𝑖𝑜𝑚𝑎𝑠𝑠  
𝐷, 𝜇, 𝜌, 𝜑 ∝  𝑇𝑦𝑝𝑒 𝑜𝑓 𝑏𝑖𝑜𝑚𝑎𝑠𝑠 
The severity factor or modified severity factor combines the effect of time, temperature, and 
pH to show their effect on the yield of pretreatment; however, it does not take into account 
several important factors related to the type of biomass. We believe that using the calculated 
diffusion time (eqn.4.19 and 4.22) in the severity factor would take some important 
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characteristics of biomass into consideration and enable the optimization of important 
aspects of pretreatment such as chip size, the proposed severity factor is dimensionless and 
takes chip size into account by diffusion time. The proposed severity factor has the form 
shown in eqn. 4.23: 
𝑹 =
𝑷𝒓𝒆𝒕𝒓𝒆𝒂𝒕𝒎𝒆𝒏𝒕 𝒕𝒊𝒎𝒆
 𝑫𝒊𝒇𝒇𝒖𝒔𝒊𝒐𝒏 𝒕𝒊𝒎𝒆
. 𝒆𝒙𝒑 
𝑻 − 𝟏𝟎𝟎
𝟏𝟒. 𝟕
 . 𝟏𝟎−𝒑𝑯 
(4.23) 
Obviously, feedstock characteristics such as density and porosity cannot be modified easily 
to increase the yield; nevertheless, having five main process variables (r, u, ε, T, and pH) in 
one equation results in four degrees of freedom and enables the optimization of the process. 
There are some thresholds for pH and temperature since inhibitor formation is highly 
sensitive to temperature and pH (Chang et al., 2001; Keller, 2003; Weil, 2002). In addition, 
velocity is important only in the case of steam pretreatment, where increasing the velocity 
would decrease the steam density and will not have a great effect. This suggests that the 
characteristic size of the feedstock is the key degree of freedom, given that the cost of 
grinding before pretreatment and efficiency of pretreatment are highly dependent on it. 
Therefore, in this chapter the focus is on finding the optimal chip size to minimize the 
energy consumption for a given yield of pretreatment. 
The overall time needed for steam explosion and other hydrothermal pretreatment methods 
is shown in eqn.4.24 and 4.25. 
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𝑡 = 2.
𝜌𝑟1.5
𝑀(
Ф𝐷
1 −
1
2 𝐿𝑛Ф
)0.67  0.48  
𝜌𝑢
𝜇(1 − 𝜀)
 
0.5
(
𝜇
𝜌)
0.33 ∆𝐶
+
1
𝑘1
(
∝ 𝑃0
∝ 𝑃0 − 𝑀
) 
(4.24) 
𝑡 = 2.
𝜌𝑟2(1 − 0.5𝐿𝑛Ф)
2𝑀Ф𝐷∆𝐶
+
1
𝑘1
(
∝ 𝑃0
∝ 𝑃0 − 𝑀
) (4.25) 
Based on the calculated diffusion time for both cases, the proposed severity factors for steam 
explosion and other pretreatment methods are shown in eqn.26 and 27 respectively: 
𝑅 =  
𝑡
𝜌𝑟1.5
𝑀(
Ф𝐷
1 −
1
2 𝐿𝑛Ф
)0.67  0.48  
𝜌𝑢
𝜇(1 − 𝜀)
 
0.5
(
𝜇
𝜌)
0.33 . ∆𝐶
. 𝑒
𝑇 − 100
14.75 . 10−𝑃𝐻  
(4.26) 
𝑅 =
𝑡
𝜌𝑟2(1 − 0.5𝐿𝑛Ф)
2𝑀Ф𝐷∆𝐶
. 𝑒
𝑇 − 100
14.75 . 10−𝑃𝐻  
(4.27) 
4.7. Optimal Chip Size for Pretreatment 
In order to be able to optimize the whole process of pretreatment, the energy required for 
pretreatment is compared to and combined with that for grinding for a size range between 1 
to 10 millimetres. 
 Mani et al., (2004) reports the specific energy to grind wheat and barley straws, corn stover 
and switchgrass at two moisture contents using a hammer mill with three different screen 
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sizes (3.2,1.6 and 0:8 mm). Among the four materials they showed that switchgrass had the 
highest specific energy consumption (27.6 kW h/t), and corn stover had the lowest specific 
energy consumption (11.0 kW h/t) at 3.2 mm screen size. These data are summarised in 
tables 4.3 and 4.4. 
8% Moisture and lower 
Size 
mm 
Switchgrass Barley 
Straw 
Wheat 
Straw 
Corn 
Stover 
0.5 245844 204948 201564 82512 
1 216216 175608 171360 71460 
1.5 186588 146268 141156 60408 
2 156960 116928 110952 49356 
2.5 127332 87588 80748 38304 
3 97704 58248 50544 27252 
3.5 68076 28908 20340 16200 
Table 3. Specific energy needed for grinding (j/Kg) (Mani et al., 2004) 
8-12 % Moisture 
Size 
mm 
Switchgrass Corn Stover Wheat Straw 
0.5 190584 148851 160821 
1 209448 107640 163296 
1.5 211824 75987 158445 
2 197712 53892 146268 
2.5 167112 41355 126765 
3 120024 38376 99936 
3.5 56448 44955 65781 
Table 4. Specific energy needed for grinding (j/Kg)  (Mani et al., 2004) 
57 Chapter 4: Chip Size Optimisation 
 
Due to the lack of accurate reported data on each process variable during different 
pretreatment methods, typical values for each variable are employed here. Using eqn.4.26 
and 4.27 at a temperature of 180oC, void fraction of 0.3, pH of 3, and assuming that 30 
percent of the biomass is hemicellulose, our proposed severity factor is shown in fig.3 as a 
function of radius for steam explosion and other hydrothermal pretreatment methods 
respectively. 
 
Figure 4.3. Severity vs. radius for steam explosion 
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Figure 4. Severity vs. radius for all hydrothermal pretreatments except steam explosion 
In fig.3 and 4, it is assumed that R is the only factor that determines the yield of 
pretreatment. These figures imply that using the same process parameters results in different 
severities for different sizes of feed-stock. Going back to the assumption made here, it can be 
understood that since everything except size stays constant, severity decreases by increasing 
the size. To conclude, it can be suggested that to ensure the same yield of pretreatment for 
different sizes of biomass, other parameters in eqn.4.26 and 4.27 would have to change in a 
way that compensates for an increase in size. This can be achieved by increasing the 
temperature, pH, or residence time. 
According to fig.3, increasing the size of biomass requires a more severe pretreatment to 
result in the same yield of conversion. With a better understanding of the amount of energy 
required for a given increase in biomass size, it is assumed that only a temperature increase 
would compensate for the size increase, assuming that all factors in eqn.4.26 and 4.27 
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remain constant except for size and temperature, which results in the following equations 
for steam explosion and other pretreatment methods, respectively: 
𝑒
𝑇1 − 100
14.75
𝑒
𝑇2 − 100
14.75
=  
𝑅2
𝑅1
 . (
𝑟1
𝑟2
)1.5 
(4.28) 
𝑒
𝑇1 − 100
14.75
𝑒
𝑇2 − 100
14.75
=  
𝑅2
𝑅1
. (
𝑟1
𝑟2
)2 (4.29) 
Using the typical data of r = 5mm, T=1800C, and t=10min, R would be 0.586 for steam 
explosion and 0.0659 for other pretreatment methods. Taking these values as a reference it 
is possible to calculate the pretreatment temperature required for different sizes with 
eqn.4.30 and 4.31. 
𝑇2 = 180 + 14.7 𝑙𝑛[
𝑅2
𝑅1
. (
𝑟1
𝑟2
)1.5] (4.30) 
𝑇2 = 180 + 14.7 𝑙𝑛[
𝑅2
𝑅1
. (
𝑟1
𝑟2
)2] (4.31) 
Based on the lack of general data on energy requirements and thermal efficiency of different 
pretreatment methods, a conventional approximation of energy requirement (based on 
constant heat capacities) is employed here. Although this method is not accurate, it still 
provides the means for comparison between energy requirements of biomass of different 
sizes. Koufopanos et al. (1991) proposes a model for calculation of Cp at different 
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temperatures which is employed here. It is assumed (conservatively) that 80 percent of input 
energy can be recovered and used in the plant and 20 percent will be the heat loss. Based on 
these assumptions, the energy required per unit mass of feedstock is as follows: 
𝑬 = 𝟏. 𝟐 𝟏𝟏𝟏𝟐.𝟎 + 𝟒. 𝟖𝟓𝑻𝟐  𝑻𝟐 − 𝑻𝟏  (4.32) 
where in equation 4.32, the first term (1.2) is to account for heat loss, the second term 
(1112.0 + 4.85𝑇2) is the model proposed by Koufopanos et al. (1991) for calculation of 
specific heat capacity of wood, T2 is the temperature from equation 4.30 and 4.31, and T1 is 
the initial biomass temperature which is assumed to be 20oC. Fig.5 and 6 show the result. 
 
Figure 5. Temperature required during pretreatment for different radius in steam explosion 
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Figure 6. Temperature required during pretreatment for different radius for hydrothermal processes other 
than steam explosion 
 
These figures show that the energy requirements for increasing the chip size in all 
hydrothermal processes have the same behaviour. We use typical data to recommend a 
method to find the optimal chip size based on the proposed model in the following 
discussion where the optimal chip size for steam explosion is calculated. However, we 
believe that given any hydrothermal pretreatment system and its characteristic data, the 
method proposed here could be employed to find the chip size that minimizes the energy 
requirement of the system. 
Although grinding data from Mani et al. (2004) is probably the best available in the 
literature, it provides data only for the size range of 0.5 – ~ 4 mm. In order to be able to 
perform an optimization over the wider range of biomass size, here two thresholds of 
grinding data are assumed, either grinding biomass to any size larger than 4mm does not 
need any energy or it needs as much energy as required to reduce its size to 4mm. 
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Fig.7 and 8 show the total energy required for pretreatment and grinding for both cases. 
From these figures it can be concluded that the grinding energy above 4mm is negligible in 
comparison with that for pretreatment and in both cases the optimal grinding size occurs at 
approximately same the radius. 
 
Figure 7. Energy required for pretreatment and grinding, case 1 
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Figure 8. Energy required for pretreatment and grinding, case 2 
The results of two comparisons, Fig.7 and Fig.8, show that for switchgrass the maximum 
and minimum energy requirements are 250kj and 180kj in the Case1 and 250kJ and 100kJ 
in Case 2 which are equal to 28% and 60% improvements in pretreatment energy efficiency 
respectively. Consequently a 44% improvement in grinding and pretreatment energy 
efficiency can be achieved on average, which is equivalent to 5% improvement in total 
conversion chain efficiency (calculation is shown below). 
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1 Kg of Switchgrass ~ 380 ml of Ethanol (Scemer, 2008) 
Energy to work efficiency conservatively =60% 
125
KJ
Kg
~5% Improvement in total conversion chain efficiency 
 
In addition it should be noted that steam explosion terminates by an explosive 
decompression, significantly reducing the size of biomass further, favouring downstream 
processing (enzymatic hydrolysis and fermentation). Comparing the magnitude of the work 
of expansion to the magnitude of the grinding energy, our results indicate that 
decompression work can range between 80-200 KJ/Kg for different feedstocks.  
4.8. Concluding Remarks 
A model involving the diffusion of liquid or steam into biomass was developed, taking into 
account the interrelationship between chip size and processing time. With the aid of this 
model, a method to find the chip size that minimizes the combined energy requirement of 
grinding and pretreatment processes was proposed. Our model shows that the severity of all 
hydrothermal pretreatment methods decreases with increasing chip size. However, in the 
case of steam explosion, this decrease is sharper.  
Based on typical data used for optimization, it was shown that optimising biomass chip size 
can result in up to a 50% improvement in the energy efficiency of pretreatment methods; 
this can account for up to 5% of the total conversion chain’s yield. It is believed that given 
the characteristic data of any hydrothermal pretreatment system, the method proposed here 
could be employed to find the chip size that minimizes the energy requirement of the 
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system. The focus of the next chapter is the development of improved kinetic models for 
hemicellulose hydrolysis which do not assume the same reactivity for oligomers with 
different lengths and single bond breakage at any time. 
 
 
 
 Chapter 5 
Hemicellulose Hydrolysis 
Part of this chapter was published in the following papers: 
 Hosseini, Seyed Ali, and Nilay Shah. “Multiscale modelling of biomass pretreatment for 
biofuels production.” Chemical Engineering Research and Design 87, no. 9 (September 2009): 
1251-1260.   
 Hosseini, Seyed Ali. Lambert, Romain. Kucherenko, Sergei. Shah, Nilay. “Multiscale modelling of 
biomass pretreatment for biofuels production.” Energy & Fuel.   
5.1. Introduction 
Based on the general process of lignocellulosic bioconversion, in Chapter 3 we have shown 
that pretreatment is the main cause of low process yield. Consequently, it is believed that 
obtaining a better understanding of the hydrothermal pretreatment method would pave the 
way for overall process optimization. In Chapter 4, we have developed a method to 
determine the chip size that minimizes the energy requirement of grinding and pretreatment 
processes, where it was shown that optimising biomass chip size can result in up to a 50% 
improvement in the energy efficiency of pretreatment methods this can account for up to 5% 
of the total conversion chain’s yield. The goal of this chapter is the development of kinetic 
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models for hemicellulose hydrolysis which do not assume the same reactivity for oligomers 
with different lengths and single bond breakage at any time, with the aim of minimizing 
inhibitor formation. 
Without reliable kinetic modelling, the reactor design is rather speculative and it is not really 
possible to evaluate the deviations and the dynamics that occur in the reactor. As a result 
kinetic modelling constitutes a critical step in assessing the economics, operational safety 
and environmental impact of the production unit. 
Lignocellulosic materials are formed by three main polymeric constituents, cellulose, lignin, 
and hemicelluloses. Cellulose comprises between 35 and 50% of the total dry mass and 
hemicelluloses represent about 25-30% of the total biomass, which make them the second 
most common polysaccharide in nature (Saha 2003). In order to have an efficient 
conversion process of lignocellulosic material it is essential to utilize the hemicellulose 
sugars as well as cellulose sugars. 
At an acid concentration of 0.5–4.0% and temperatures of 140–220 oC, acid hydrolyzes the 
hemicellulose in biomass to release primarily xylose monomers and some soluble 
xylooligosaccharides with high yields. The residual solid from this method contains more 
reactive cellulose to be used in the downstream processes (Saha et al. 2005; Shen et al. 
2007.; Hsu and Nguyen 1995; Mosier et al. 2005; Lynd 2003). 
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In general, hemicellulose hydrolysis models are based on acid-catalyzed breakdown of long 
chains of hemicellulose to form shorter oligomers that continue to break down to 
monomeric sugars. Those monomeric sugars may undergo a degradation reaction under 
certain conditions (Jacobsen and Wyman, 2000). However, in many kinetic models it is 
assumed that the rate of oligomers-to-monomer reaction is so much faster than the rate of 
oligomer production that the oligomers-to-monomer reaction step can be omitted; however, 
few physical data support this hypothesis (Jacobsen and Wyman, 2000; Maloney et al, 
1985; Bhandari et al, 1984). Although a considerable fraction of sugars in the hydrolysate 
are typically oligomers, more detailed studies on the role of oligomers in hemicellulose 
hydrolysis are of great importance.  
5.2. Current Understanding 
Classically, there are three main types of models for hemicelluloses hydrolysis. The simplest 
model is proposed by Saeman in 1945 and based on two first order reactions, where it is 
assumed that hemicelluloses are directly hydrolysed to xylose, which breaks down to 
degradation products in the second reaction, as shown in eqn.5.1.   
Hemicellulose  
K1
  Xylose  
K2
   Degradation Products 
 
5.1 
The second type of model was developed by Kobayashi and Sakai in 1955; this is called the 
modified form of Saeman’s model. In this model, it is assumed that there are two types of 
hemicelluloses, one fast reacting and one slow reacting. This modification was based on the 
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observation that the hydrolysis reaction rate decreases significantly after about 70% 
conversion. The reaction mechanism is shown in eqn.5.2 (Jacobsen and Wyman, 2000).   
Hemicellulose  
Fast Reacting Xylan
kf
 
Slow Reacting Xylan
ks
 
  Xylose
k2
 Degradation Products 5.2 
The third variation of the basic model was proposed by the inclusion of an oligomeric 
intermediate with the mechanism shown in eqn.5.3 (Jacobsen and Wyman, 2000). 
Hemicellulose 
Fast Reacting Xylan
kf
 
Slow Reacting Xylan
ks
 
  Oligomers
k1
 Xylose
k2
 Degradation Products 5.3 
Although this model accounts for an oligomeric intermediate, it is assumed that the 
reactivity of oligomers is not function of their size and molecular weight, and as a result, the 
same reaction constant was employed for the disappearance of all oligomers with different 
lengths (K1 in eqn.5.3). However, Kumar and Wyman (2008) studied the reactivity of 
xylooligomers with Degree of Polymerization (DP) ranging from 2 to 5 and their result 
revealed that the disappearance rate constant increases with DP at all pH. 
The developed models for xylooligomers with DP ranging from 2 to 5 are based on the 
assumption of single bond breakage at any time (Kumar and Wyman, 2008). However in 
this thesis it is hypothesized that at very low acid concentrations there is a competition 
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between different bonds to be hydrolyzed which makes the assumption of one bond 
breakage at any time plausible; however, at higher acid concentrations all the bonds at the 
same position have the same probability of breakage and all the bonds with the same 
probability can break at the same time. 
In the following parts of this chapter, first a kinetic model for hydrolysis of four different 
xylooligomers with DP ranging from two to five is developed. Then we have further 
improved the model assuming that all xylooligomers with a degree of polymerization up to 
30 are soluble. Finally we performed two sets of sensitivity analyses, first to compare the 
dynamic importance of xylooligomer size evolution versus xylose decomposition and then 
to compare the relative importance of kinetic parameters versus particle length on overall 
process yield. 
5.3. Model Development 
5.3.1. Xylobiose 
 
There is just one bond in xylobiose, consequently there is only one possibility for the kinetic 
model, in which xylobiose is hydrolyzed to form two xylose molecules, which may break 
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down to degradation products in the second reaction. In differential equation form, this 
yields: 
𝑑𝐶2
𝑑𝑡
= −𝐾2𝐶2 
 
5.4 
𝑑𝐶𝑋
𝑑𝑡
= 2𝐾2𝐶2 − 𝐾𝑑𝐶𝑋  
 
5.5 
𝑑𝐶𝑑
𝑑𝑡
= 𝐾𝑑𝐶𝑋  
 
5.6 
5.3.2. Xylotriose 
 
 
There are two bonds in xylotriose and both have the same position in the chain. Based on 
the assumption of breakage based on probability, both bonds may break at the same time 
resulting in three xylose molecules, which may break down to degradation products in the 
second reaction: 
𝑑𝐶3
𝑑𝑡
= −𝐾3𝐶3 
 
5.7 
𝑑𝐶2
𝑑𝑡
= 0 
 
5.8 
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𝑑𝐶𝑋
𝑑𝑡
= 3𝐾3𝐶3 − 𝐾𝑑𝐶𝑋  
 
5.9 
𝑑𝐶𝑑
𝑑𝑡
= 𝐾𝑑𝐶𝑋  
 
5.10 
5.3.3. Xylotetrose 
 
There are three bonds in xylotetrose. Bonds one and three have the same position in the 
chain and consequently the same probability of breakage and bond two has a different 
position and different probability of breakage. Here it is assumed that the probability of 
breakage for bond two is α4, and for bonds one and three it is (1-α4). If bond two breaks, the 
product will be two xylobiose molecules and if bonds one and three break the product will 
be one xylobiose and two xylose molecules. A schematic representation of this reaction 
scheme is shown below: 
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𝑑𝐶4
𝑑𝑡
= −𝐾4𝐶4 
 
5.11 
𝑑𝐶3
𝑑𝑡
= 0 
 
5.12 
𝑑𝐶2
𝑑𝑡
= 2𝛼4𝐾4𝐶4 +  1 − 𝛼4 𝐾4𝐶4−𝐾2𝐶2 
 
5.13 
𝑑𝐶𝑋
𝑑𝑡
= 2 1 − 𝛼4 𝐾4𝐶4+2𝐾2𝐶2 − 𝐾𝑑𝐶𝑋  
 
5.14 
𝑑𝐶𝑑
𝑑𝑡
= 𝐾𝑑𝐶𝑋  
 
5.15 
5.3.4. Xylopentose 
 
There are four bonds in xylopentose; bonds one and four have the same position and bonds 
two and three have the same position as well. Here it is assumed that the probability of 
breakage for bonds two and three is α5, and for bonds one and four it is (1-α5). If bonds two 
and three break the product will be two xylobiose and one xylose molecules and if bonds 
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one and four break the product will be one xylotriose and two xylose molecules. This 
scheme is represented below: 
 
𝑑𝐶5
𝑑𝑡
= −𝐾5𝐶5 
 
5.16 
𝑑𝐶4
𝑑𝑡
= 0 
 
5.17 
𝑑𝐶3
𝑑𝑡
= (1 − 𝛼5)𝐾5𝐶5−𝐾3𝐶3 
 
5.18 
𝑑𝐶2
𝑑𝑡
= 2𝛼5𝐾5𝐶5−𝐾2𝐶2 
 
5.19 
𝑑𝐶𝑋
𝑑𝑡
= 𝛼5𝐾5𝐶5 + 2 1 − 𝛼5 𝐾5𝐶5 + 3𝐾3𝐶3+2𝐾2𝐶2−𝐾𝑑𝐶𝑋  
 
5.20 
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𝑑𝐶𝑑
𝑑𝑡
= 𝐾𝑑𝐶𝑋  
 
5.21 
The parameters in the above five models were estimated using the constant relative variance 
model, in which the measurement error depends on the magnitude of the measured values.  
Using the data presented in the literature for fractional xylose yield from xylobiose up to 
xylopentose (Kumar and Wyman, 2008), the estimated values for the five reaction constants 
and probability of different bonds in xylotetrose and xylopentose are presented in table5.1. 
Table 5.1. Estimated Parameters 
Parameters Kd (
1
𝑚𝑖𝑛
) K2 (
1
𝑚𝑖𝑛
) K3 (
1
𝑚𝑖𝑛
) K4 (
1
𝑚𝑖𝑛
) K5 (
1
𝑚𝑖𝑛
) 
α4 
(%) 
α5 (%) 
Estimated 
Value 
0.001709 0.002737 0.001208 0.0078 0.00722 93 99.83 
In order to compare the result of the proposed model with experimental data, the fractional 
xylose yields from xylobiose up to xylopentose was calculated. The model prediction is very 
close to the experimental results presented by Kumar and Wyman (2008), as shown in fig.1. 
The model prediction which is shown in fig.1 shows a high correlation with the 
experimental results; moreover it was found that the probability of xylooligomer breakage 
from the middle of the chain is higher than the probability of the breakage from the sides; in 
the case of xylotetrose, 93% breaks from the middle and for xylopentose almost all breaks 
from the middle. This implies that the assumption of same probability of breakage inside the 
chain is irrelevant because almost all the oligomers break from the middle. 
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Figure 5.1. Fractional xylose yield from xylobiose to xylopentose for a reaction at 160
o
 C and a pH of 4.75. 
Experimental result adopted from Kumar and Wyman (2008). 
5.2.5. Mixture of Five Xylooligomers 
Kumar and Wyman (2008) showed that the disappearance rate of xylooligomers increases 
with DP at all pH, which implies that reaction steps for oligomers with higher DPs are 
much faster than those for lower DPs. Based on the available data for hydrolysis of 
xylooligomers with DP ranging from two to five, here the model is developed assuming 
hemicellulose degrades to a mixture of xylooligomers with DP ranging from one to five and 
then each of the xylooligomers follows the mechanism suggested in the previous section. A 
schematic representation of the mechanism can be seen below: 
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Figure 5.2. Mechanism of hemicellulose hydrolysis 
The model developed has the form shown in the following set of equations; the solution of 
this model with the parameters estimated in the previous section is shown in fig.3. 
dCH
dt
=KHCH  
 
5.22 
dC5
dt
=0.2KHCH-K5C5 
 
5.23 
dC4
dt
=0.2KHCH-K4C4 
 
5.24 
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dC3
dt
=0.2KHCH+(1-α5)K5C5-K3C3 
 
5.25 
dC2
dt
=0.2KHCH+2α5K5C5+2α4K4C4+ 1-α4 K4C4-K2C2 5.26 
dCX
dt
=0.2KHCH+α5K5C5+2 1-α5 K5C5+2 1-α4 K4C4+3K3C3+2K2C2-KdCX 
 
5.27 
dCd
dt
=KdCX 
 
5.28 
 
 
Figure 5.3. An example of hemicellulose hydrolysis curve as predicted by typical data from the developed 
model 
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Although having the data for xylooligomers with higher DP could enable development of a 
more accurate model, the result presented in fig.3 indicates that the concentrations of xylose 
and xylobiose are always one order of magnitude higher than those for xylotetrose which 
implies that for hemicellulose hydrolysis, omitting the reaction steps for xylooligomers with 
higher DPs is an acceptable assumption. 
Diffusion of liquid or steam in the biomass was extensively studied in chapter four and a 
model that takes into account the interrelationship between chip size and time was 
developed. With the aid of this model, a method to find the optimum chip size that 
minimizes the energy requirement of grinding and pretreatment processes was proposed. In 
addition it was shown that with the aid of the proposed optimization method, an average 
saving equivalent to a 5% improvement in the yield of biomass to ethanol conversion 
process can be achieved (Hosseini and Shah, 2009). 
As was mentioned earlier, during pretreatment two diffusion processes occur; one is 
diffusion of water in wood and the other is diffusion of soluble sugars out of the wood 
particles in aqueous solution. Each of these is studied separately below. 
I. Diffusion of Water in Wood 
There is much discussion concerning the driving force for diffusion of water in wood and 
different potentials such as vapour pressure and moisture content have been employed 
(Hunter 1993). However it was shown that for isothermal conditions using any driving force 
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is valid as long as an appropriate diffusion coefficient is employed (Avramidis and Siau 
1987). In this study water concentration is used as the driving force of diffusion. 
Regarding the different directions of diffusion in wood, Fotsing and Tchagang (2005) 
showed that longitudinal diffusion (toward wood fibre) is more important than radial 
diffusion and tangential diffusion; they thought it is due to the cellular cavities that form 
obstacles for the water molecules diffusing in wood. In addition they showed that 
longitudinal diffusion is 10 to 15 times faster than transverse diffusion (radial and 
tangential). In this study it is assumed that radial and tangential diffusion is negligible 
compared to longitudinal diffusion. 
The rate of adsorption or desorption of moisture by wood is controlled by two resistances, 
namely, the external resistance due to the boundary layer and the internal resistance due to 
the wood itself. The sum of the two components is called total resistance. The true diffusion 
coefficient is due to the internal resistance whereas the surface emission coefficient is 
attributed to the external component (Avramidis & Siau 1987b). However Shi (2007) 
showed that, in the case of moisture absorption of wood and wood-based products, the 
surface emission coefficient in the diffusion based models does not play the role of an 
external resistance due to the boundary layer, thus the surface emission coefficient in the 
diffusion based models does not appear to have an influence in the model prediction for the 
moisture absorption process. Based on the above discussion, in this study it is assumed that, 
there is no external resistance for water absorption to the surface of the wood. 
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The unsteady state diffusion of water in the direction perpendicular to the surface of a wood 
particle (fig.4) can be expressed by Fick’s second law: 
∂C
∂t
=
∂
∂x
 D
∂C
∂x
  
5.29 
Where C is the water concentration, t is time, x is the distance from the both surface areas, 
and D is the longitudinal diffusion coefficient. Regarding the initial and boundary 
conditions, here it is assumed that, initially concentration of water is zero inside the wood 
particle and at the surface concentration of water is always one, which is due to negligible 
external mass transfer and surface emission coefficient, and finally concentration of water at 
any point relatively far from the surface is zero at all time. A mathematical representation of 
initial and boundary conditions is as follows: 
Figure 5.4.Schematic representation of wood particle 
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t=0, 0<x<2a  C=0 5.30 
x=0  C t =1 5.31 
X=∞  C t =0 5.32 
II. Diffusion of Soluble Sugar out of the Wood in Aqueous Media 
As mentioned earlier, after diffusion of water inside the particles the hydrolysis reaction 
starts in which large hemicellulose molecules break down to smaller soluble sugars. Due to 
the concentration difference, soluble sugars then diffuse out of the woody particles into 
aqueous solution. Although the diffusion of the sugar in water can be modelled by Fick’s 
second law, it should be noted that the since sugars are diffusing out of the wood, which is a 
porous medium, the diffusion coefficient should be replaced by the effective diffusion 
coefficient for porous media as shown in chapter four (Weissberg, 1963). 
ED=
ФD
1-0.5LnФ
 5.33 
During the pretreatment, two diffusion processes occur: one is diffusion of water into wood 
and the other is diffusion of soluble sugars out of the wood particles in aqueous solution. In 
the former case a model is developed by assuming that concentration is the only driving 
force for diffusion, diffusion happens only in the longitudinal direction and there is no 
external resistance for water adsorption to the surface of the wood. For diffusion of soluble 
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sugars out of the wood in aqueous solution a model is developed based on Fick’s law by 
replacing the diffusion coefficient with an effective diffusion coefficient for porous media. 
III. Reactor Modelling 
In this study, the reactor configuration which is employed for acid pretreatment is a flow-
through reactor as shown in fig.5. In this reactor, hot water and acid enters from the top of 
the column and exits from the bottom containing the dissolved component. With the aid of 
a modified friction factor and Reynolds number for a fixed bed of solids it is possible to 
estimate the pressure drop from the correlation given by Leva (1959).  Our calculation for a 
reactor with a height of 5m, showed that the residence time of water in the reactor is of the 
order of few minutes; as a result it is assumed here that the concentration of sugars in the 
bulk liquid phase is low enough so as not to affect the diffusion of sugars from the surface of 
the wood to the bulk of water. 
 
Figure 5.5. Flow through reactor for acid pretreatment 
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Integrating the kinetic and diffusion models would result in the following model for the 
flow-through reactor. The concentration of water has taken into account in the reaction rate 
equations to show that the reaction starts when water molecules reache the hemicellulose. 
The following model determines the concentration of each xylooligomer at any time 
and any position inside the wood particles; in addition the amount of sugar in the 
water can be calculated from the concentration of each xylooligomer at the surface of 
the wood particles and by knowing the total number of particles in the pretreatment 
reactor. 
dCW
dt
=
d
dx
 D
dCW
dx
  5.34 
dCH
dt
=0.2KHCHCW  5.35 
dC5
dt
=0.2KHCHCW-K5C5CW-
∂
∂x
 D5/W
∂C5
∂x
  5.36 
dC4
dt
=0.2KHCHCW-K4C4CW-
∂
∂x
 D4/W
∂C4
∂x
  5.37 
dC3
dt
=0.2KHCHCW+(1-α5)K5C5CW-K3C3CW-
∂
∂x
 D3/W
∂C3
∂x
  5.38 
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dC2
dt
=0.2KHCHCW+2α5K5C5CW+2α4K4C4CW+ 1-α4 K4C4CW-K2C2CW 
-
∂
∂x
 D2/W
∂C2
∂x
  
5.39 
dCX
dt
=0.2KHCHCW+α5K5C5CW+2 1-α5 K5C5CW+2 1-α4 K4C4CW+3K3C3CW 
+2K2C2CW-KdCXCW-
∂
∂x
 DX/W
∂CX
∂x
  
5.40 
dCd
dt
=KdCX CW-
∂
∂x
 Dd/W
∂C𝑑
∂x
  5.41 
The above equations are based on the mass balance for a given point inside the wood 
particle in which, accumulation terms have been shown on the right hand side of the 
equations as a partial derivative of concentration with respect to time. For 
generation/consumption terms the equations developed in the kinetic modelling part 
(section 5.2) for mixtures of xylooligomers have been employed and the diffusion term in 
each equation accounts for the concentration difference between input and output flow.  
Our calculation showed a high sensitivity of the concentration of each xylooligomer to its 
diffusion coefficient in water. Since the diffusion coefficient for each xylooligomer could not 
be found in the literature, we assumed typical values for them in order to observe the 
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solution trend and obtain general insights. A general solution of the model for xylose based 
on this typical data is shown in Fig.6. 
 
Figure 5.6. Xylose concentration profile for  5 cm wood 
 
As mentioned earlier, the reactions start immediately after water reaches the hemicelluloses 
inside the particle. As can be seen in figure 5.6, between any two points inside the particle, 
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three factors account for the xylose concentration, (1) diffusion of xylose entering the first 
point, i.e. the closest point towards the centre, (2) diffusion of xylose exiting the second 
point towards the bulk of liquid, i.e. towards the surface, and (3) reaction at the points to 
generate or consume xylose, i.e. positioned between (1) and (2). Consequently as the 
reaction and diffusion proceed simultaneously the peak of xylose concentration moves 
towards the centre. It should be mentioned that in figure 6, the reaction and diffusion rates 
are of the same order and neither are rate limiting, which is the most complicated case 
regarding the mathematical modelling of the process, however if it is known that one of the 
processes (diffusion or reaction) is rate limiting it makes the model simpler and easier to 
solve. On the other hand it should be noted that when one of the processes is rate limiting, it 
would be possible to find explicit solutions by using shrinking core or shrinking particle 
models. 
5.2.6. Mixture of thirty Xylooligomers 
It is believed that xylooligomers with DP up to 30 are soluble in water. It was previously 
shown that the rate of bond breakage in xylooligomers is function of bond position in the 
hemicellulose chain, so that all the bonds with the same position undergo breakage at the 
same rate. Moreover, it was found that the probability of xylooligomer breakage from the 
middle of the chain is higher than the probability of breakage from the sides. In the case of 
xylotetrose, 93% of bonds break from the middle and for larger oligomers almost all break 
from the middle. Based on the above discussion, a schematic representation of the reaction 
mechanism in the liquid phase (xylooligomers with DP up to 30) is shown in Figure 7. 
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Figure 5.7. Mechanism of hemicellulose hydrolysis. 
Based on the reaction mechanism proposed, the general kinetic equation for 
depolymerisation describing the evolution of the distribution of sizes for xylooligomers with 
a DP ranging from 6 to 30 can have the following form: 
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5 < 𝑥: 𝑒𝑣𝑒𝑛 < 30 
𝑥 𝑚𝑒𝑟
𝑑𝑒𝑝𝑜𝑙𝑦𝑚𝑒𝑟𝑖𝑠𝑎𝑡𝑖𝑜𝑛
               2  
𝑥
2
 𝑚𝑒𝑟 
5 < 𝑥: 𝑜𝑑𝑑 < 30 
𝑥 𝑚𝑒𝑟
𝑑𝑒𝑝𝑜𝑙𝑦𝑚𝑒𝑟𝑖𝑠𝑎𝑡𝑖𝑜𝑛
               2  
𝑥 − 1
2
 𝑚𝑒𝑟 + 𝑋𝑦𝑙𝑜𝑠𝑒 
𝑑𝑐𝑥
𝑑𝑡
= −𝑘𝑥𝑐𝑥 + 2𝑘2𝑥𝑐2𝑥 + 2𝑘2𝑥+1𝑐2𝑥+1 5.42 
I. Diffusion 
During pretreatment, two diffusion processes occur: the diffusion of water into wood and 
the diffusion of soluble sugars out of the wood particles in an aqueous solution. In the 
former case we previously developed a model by assuming that concentration is the only 
driving force for diffusion; diffusion happens only in a longitudinal direction and there is no 
external resistance for water adsorption to the surface of the wood. For diffusion of soluble 
sugars out of the wood in an aqueous solution, a model has been developed based on Fick’s 
law by replacing the diffusion coefficient with an effective diffusion coefficient for porous 
media. Integrating the kinetic equations for xylooligomers with DP up to thirty and 
diffusion models would result in the following model. 
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𝑑𝐶𝑊
𝑑𝑡
=
𝑑
𝑑𝑙
 𝐷
𝑑𝐶𝑊
𝑑𝑙
  
5.43 
𝑑𝐶𝐻
𝑑𝑡
= −𝐾𝐻𝐶𝐻𝐶𝑊  
5.44 
𝐹𝑜𝑟 5 < 𝑦 < 31  
𝑑𝐶𝑦
𝑑𝑡
= −𝑘𝑦𝐶𝑦𝐶𝑊 + 𝐾𝐻𝐶𝐻𝐶𝑊 − 𝐾5 + 2𝑘2𝑦𝐶2𝑦𝐶𝑊 + 2𝑘2𝑦+1𝐶2𝑦+1𝐶𝑊 −
𝜕
𝜕𝑦
 𝐷𝑙/𝑊
𝜕𝐶𝑦
𝜕𝑙
  
5.45 
𝑑𝐶5
𝑑𝑡
= 𝐾𝐻𝐶𝐻𝐶𝑊 − 𝐾5𝐶5𝐶𝑊 −
𝜕
𝜕𝑙
 𝐷5/𝑊
𝜕𝐶5
𝜕𝑙
  
5.46 
𝑑𝐶4
𝑑𝑡
= 𝐾𝐻𝐶𝐻𝐶𝑊−𝐾4𝐶4𝐶𝑊 −
𝜕
𝜕𝑙
 𝐷4/𝑊
𝜕𝐶4
𝜕𝑙
  
5.47 
𝑑𝐶3
𝑑𝑡
= 𝐾𝐻𝐶𝐻𝐶𝑊 + (1 − 𝛼5)𝐾5𝐶5𝐶𝑊−𝐾3𝐶3𝐶𝑊 −
𝜕
𝜕𝑙
 𝐷3/𝑊
𝜕𝐶3
𝜕𝑙
  
5.48 
𝑑𝐶2
𝑑𝑡
= 𝐾𝐻𝐶𝐻𝐶𝑊 + 2𝛼5𝐾5𝐶5𝐶𝑊 + 2𝛼4𝐾4𝐶4𝐶𝑊 +  1 − 𝛼4 𝐾4𝐶4𝐶𝑊−𝐾2𝐶2𝐶𝑊  
−
𝜕
𝜕𝑙
 𝐷2/𝑊
𝜕𝐶2
𝜕𝑙
  
5.49 
𝑑𝐶𝑋
𝑑𝑡
= 𝐾𝐻𝐶𝐻𝐶𝑊 + 𝛼5𝐾5𝐶5𝐶𝑊 + 2 1 − 𝛼5 𝐾5𝐶5𝐶𝑊
+ 2 1 − 𝛼4 𝐾4𝐶4𝐶𝑊+3𝐾3𝐶3𝐶𝑊  +2𝐾2𝐶2𝐶𝑊−𝐾𝑑𝐶𝑋𝐶𝑊 −
𝜕
𝜕𝑙
 𝐷𝑋/𝑊
𝜕𝐶𝑋
𝜕𝑙
  
5.50 
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𝑑𝐶𝑑
𝑑𝑡
= 𝐾𝑑𝐶𝑋  𝐶𝑊 −
𝜕
𝜕𝑙
 𝐷𝑑/𝑊
𝜕𝐶𝑑
𝜕𝑙
  
5.51 
The above equations are based on the mass balance for a given point inside the wood 
particle in which accumulation terms have been shown as a partial derivative of 
concentration with respect to time. We have previously estimated the kinetic parameters for 
xylooligomers with a DP ranging from 1 to 5 based on experimental results; however, we 
could not find any study in the literature reporting a concentration of xylooligomers with a 
DP up to 30. Since the degree of polymerization has an important effect on the overall 
behavior of the system, developing a method in which it would be possible to calculate the 
DP based on a measurement of cellulose viscosity by a nitration method would be of great 
importance. Even without such a method, it is possible to examine the trend of model 
solutions with the aid of some typical data (extrapolation of kinetic parameters) as follows. 
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Figure 5.8. Xylose concentration profile for 1-cm wood 
 Figure 8 shows the concentration of xylose at any point inside the particle during the course 
of hydrolysis, it should be mentioned that peaks in this figure are real and are not due to 
reporting interval, these peaks are described as fractal like kinetic in the literature. As 
mentioned earlier, reactions start immediately after water reaches the hemicelluloses inside 
a particle. As can be seen in Figure 8, between any two points inside a particle, three factors 
account for xylose concentration: (1) the diffusion of xylose entering the first point, (2) the 
diffusion of xylose exiting the second point towards the bulk of the liquid, and (3) the 
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reaction at the points to generate or consume xylose, i.e. positioned between (1) and (2). 
Consequently, as the reaction and diffusion proceed simultaneously, the peak of xylose 
concentration moves towards the centre. 
It is worth highlighting that, as seen in Figure 8, after around eight hours almost all of the 
hemicellulose in the first half of the particle (close to the outer surface) has been consumed 
while the reaction close to the centre of the particle is just starting. This shows the 
importance of diffusion as a determining factor on the overall yield of any hydrothermal 
pretreatment method, since long residence time for sugars inside the particles can result in 
their degradation to furfural. The following figure shows the relationship between xylose 
and furfural concentration at a position 0.5cm inside a particle. 
 
Figure 5.9. Furfural concentration vs. Xylose concentration in the middle of biomass 
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 Furfural is a product of xylose decomposition. As a result, as the concentration of xylose 
increases, the concentration of furfural increases as well. However, as can be seen in Figure 
9, after a given period of time xylose concentration decreases while furfural concentration 
increases. This may imply that part of the xylose which is generated deeper inside the 
particle is decomposed to furfural during the diffusion process out of the wood particle. 
Based on these considerations, it can be concluded that the size of biomass is an important 
determinant in the yield of sugar recovery. Consequently, we performed a sensitivity 
analysis on the developed model to quantify the importance of each factor on overall 
process yield. 
In the next part of this chapter we performed two sets of sensitivity analyses, first to 
compare the dynamic importance of xylooligomer size evolution versus xylose 
decomposition and then to compare the relative importance of kinetic parameters versus 
particle length on overall process yield. 
5.4. Global Sensitivity Analysis 
Model-based simulation of complex processes is an efficient, commonly used approach of 
exploring and studying processes whose experimental analysis is costly or impossible. The 
quality of models depends on assumptions used for their derivations and accuracy of model 
parameter values. Modern complex models are non-linear and can be very expensive to run. 
With respect to these aspects, Global Sensitivity Analysis (GSA) offers a comprehensive 
approach to model analysis. Unlike local sensitivity analysis, GSA methods evaluate the 
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effect of a factor while all other factors are varied as well and thus they account for 
interactions between variables and do not depend on the stipulation of a nominal point. 
GSA enables the identification of key parameters whose uncertainty most strongly affects 
the output. It can be used to rank variables, fix unessential variables and reduce model 
complexity. GSA can be applied in the model evaluation process in order to assess and 
increase the reliability of models. 
5.4.1. Sobol’s Method for Global Sensitivity Analysis 
The method of global sensitivity indices developed by Sobol (1993, 2001) is based on an 
ANOVA (Analysis of Variance) type of a high dimensional model representation (HDMR). 
It is a variance based method that enables calculation of not only the individual contribution 
of each input parameter to the output variance but it also captures the interaction effects. It 
also can treat “sets” of factors as one single factor. By grouping the factors the 
computational costs can be significantly reduced. It allows the calculation of the total 
sensitivity indices, which measure the total contribution of a single input factor (Homma, 
Saltelli 1996). 
The main drawback of Sobol’s method (2001) is its computational cost, as it requires a 
number of model evaluations equal to N(k + 2) where k is the number of input variables and 
 is the number of samples used in the Monte-Carlo integration. Monte-Carlo or Quasi 
Monte-Carlo integration is required for computing global sensitivity indices. Therefore, the 
method can become computationally prohibitive when the number of input variables is 
high. 
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5.4.2. Global Sensitivity Analysis based on Random Sampling High 
Dimensional Model Representations (HDMR) 
For many practical problems, only low order correlations of the input variables are 
important. By exploiting this feature, an efficient set of techniques called high dimensional 
model representation (HDMR) was developed by Rabitz and co-authors (Rabitz & Aliş, 
2001).  HDMR was introduced as a set of quantitative tools for efficiently mapping the 
input-output behaviour of a model function involving high dimensional inputs. It is based 
on a truncation of the ANOVA decomposition to low order terms ( in practice to the second 
or third order). A practical form of HDMR, Random Sampling-HDMR has recently 
become a popular tool for building metamodels. A great advantage of the RS-HDMR 
technique is that the computation cost no longer depends on the dimensionality of the 
function and the complexity becomes a linear function of the number of samples (Li et al., 
2002). RS-HDMR can also be used for computing global sensitivity indices and it requires a 
much lower computational effort than Sobol’s method. 
The principal limitation of RS-HDMR is the truncation of ANOVA decomposition terms to 
the second order or third order (Rabitz & Alis, 2001). This is, however, not always the case. 
Kucherenko et al. (2009) have established a classification of different function types and 
cases in which assumptions of HDMR are violated. An improvement of RS-HDMR based 
on quasi random sampling called QRS-HDMR was introduced by Kucherenko et al. (2009). 
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5.4.3. An Extension of HDMR for Metamodelling: Fast Equivalent 
Operational Models 
In computation of chemistry transport models the chemical rate equations involving many 
species require advanced numerical integration schemes ( i.e. stiff  ODE or PDE solvers ) 
and can be extremely expensive for solving numerically. Furthermore, often there is a need 
to repeatedly solve them for different sets of initial conditions. 
Consider the following system of ODEs, where p is a vector of parameters and y the vector 
of state variables. 
𝑑𝑦
𝑑𝑥
= 𝐹(𝑦, 𝑝, 𝑡) 5.52 
𝑦 𝑡 = 0 = 𝑦0(𝑝) 5.53 
A Fast Equivalent Operational Model (FEOM) can be built by approximating y at specific 
times with RS-HDMR or QRS-HDMR metamodels (Shorter and Rabitz, 1999). Practically, 
the algorithm consists of sampling a vector of parameters{ }jp , then for all points jp  solving 
the ODE for a specific set of time points *{ }it  : 
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𝑦 𝑡𝑖
∗, 𝑝𝑗  , 𝑖 = 1, … . , 𝑛 ; 𝑗 = 1, … , 𝑁 5.54 
Then using these data we can build the RS- HDMR or QRS-HDMR models for a set of time 
points { }. 
ℎ 𝑡𝑖
∗, 𝑝 , 𝑖 = 1, … , 𝑁 5.55 
The obtained set of HDMR models represents FEOM. Approximating the original model at 
chosen time points with the FEOM will only require the computation of algebraic functions. 
In this work we use FEOM to account for the evolution of the global sensitivity indices with 
time.  
We performed two sets of sensitivity analyses. Firstly, we compared dynamic xylooligomer 
size evolution versus xylose decomposition to furfural to identify which is the most 
influential factor on the overall yield of the process. In the second analysis we compared 
kinetic parameters versus particle length to determine the relative importance of diffusion 
versus reaction to see if one of the factors is rate-limiting or if both factors should be 
considered simultaneously. 
99 Chapter 5: Hemicellulose Hydrolysis 
 
 
 
5.4.4. Methodology and Analysis of Results 
To analyse the bulk concentration of xylose as the target output of the system we used the 
kinetic parameters and the length of the particle of wood as the input factors. The first order 
global sensitivity indices with respect to the target output were computed for each factor, 
using QRS-HDMR. The factors are related to a particular phenomenon in the process and 
the importance of the phenomena is linked to the global sensitivity indices. For example in 
Figure 5.11, diffusion is associated with the length of the wood particle. Therefore, the 
evolution of the global sensitivity indices with time shows the relative importance of each 
physical phenomenon in the process. 
 
Figure 5.10. Dynamic model sensitivity on solid phase reaction, xylooligomer hydrolysis and xylose 
decomposition 
Fig. 10 and 11 show the dynamics of global sensitivity indices of solid phase reaction, 
xylooligomer hydrolysis and xylose decomposition and dynamic model sensitivity for 
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reaction and diffusion, respectively.  The dynamics shows that three main steps may be 
identified: 
a- At the beginning of the process the solid phase reaction is the most important 
phenomenon. Indeed, the sensitivity analysis has shown that the related kinetic 
parameter kh is the most influential factor, being close to 1. This is obvious since at 
this stage of the process, only the solid phase exists. 
b- Later on, after approximately five hours, both xylose decomposition and liquid phase 
reactions are progressively gaining importance. 
c- After seven hours the xylose decomposition is still gaining in importance while the 
liquid phase reaction phenomenon becomes less significant. The results are in direct 
correspondence with those presented in Fig. 9. 
 
Figure 5.11. Dynamic model sensitivity on reaction and diffusion 
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We showed that not only kinetic parameters but also and especially the size of particle of 
wood and the processing time have a determining influence on bulk concentration. Also, the 
FEOM approaches, when dynamic sensitivity indices are used, enabled us to account for 
the dynamic input-output behaviour of the system. From a complexity reduction standpoint 
it is probable that even the dimension of the problem (in the superposition sense) may be 
different at different times. It was possible to account for the evolution of the sensitivity 
indices considered in the system, and to reduce the system to one that accounts for the 
decomposition of hemicelluloses and of xylose into furfural. Finally, it should be noted that 
the HDMR approach offers an extremely fast alternative to Sobol’s method.  
6. Concluding Remarks 
In this chapter we developed a model for a hydrothermal pretreatment process that 
considers both the chemical and the physical nature of the process. The chemical aspect of 
the process mainly involves the hydrolysis of hemicellulose to monomeric sugars. We 
considered that all xylooligomers with a degree of polymerization up to 30 are soluble. Also 
we considered that bond breakage is a function of position in the hemicellulose chain and 
that all the bonds with the same position undergo breakage at the same rate. It was found 
that, for the system studied, after around eight hours almost all the hemicellulose in the first 
half of the particle (close to the outer surface) had been consumed while the reaction close to 
the centre of the particle had just started. This shows the importance of diffusion as a 
determinant factor on the overall yield of any hydrothermal pretreatment method, since a 
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long residence time for sugars inside particles and in the reactor can result to their 
degradation to furfural. 
The physical aspect of the hydrothermal pretreatment process involves reducing the size of 
feedstock as well as heating the feedstock to a desired temperature. A model involving the 
diffusion of liquid into the biomass was developed, taking into account the interrelationship 
between chip size and processing condition. 
Finally we performed two sets of sensitivity analyses, first to compare the dynamic 
importance of xylooligomer size evolution versus xylose decomposition and then to 
compare the relative importance of kinetic parameters versus particle length on overall 
process yield. A sensitivity analysis revealed that, at the beginning of the process, chemical 
reaction is more important than diffusion; however as reaction proceeds, diffusion becomes 
the determinant factor. This could be due to the fact that long residence time for sugars 
inside a particle (or within the reactor) can result to their degradation to furfural. It was also 
shown that solid phase reaction rate, xylooligomer size evolution and xylose decomposition 
are all determinant factors, so any model for hemicellulose hydrolysis should take all three 
of these factors into account. 
 
 
 Chapter 6 
Enzymatic Hydrolysis of 
Cellulose 
6.1. Introduction 
Cellulose is the largest single fraction of biomass, consequently one of the most important 
challenges in bioethanol technology establishment is to understand and improve the 
technologies for hydrolysis of cellulose. In the early stages of technology development for 
cellulose hydrolysis, extensive research was devoted to acid hydrolysis of cellulose, 
however the yield of the process was low and there were concerns about the formation of 
undesirable by-products that would cause operational problems, yield losses as well as 
possible inhibitory effects on downstream processes (Wyman, 1999).  
The other approach for cellulose hydrolysis is enzymatic based processes, which are 
advantageous over chemical treatments due to their higher conversion efficiency and 
selectivity, the absence of substrate loss (due to chemical modifications) and the use of 
more moderate and non-corrosive physiochemical operating conditions, such as lower 
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reaction temperatures, neutral pH and the use of biodegradable and nontoxic reagents 
(Sun and Cheng, 2002). 
Enzymatic hydrolysis of cellulose is carried out by cellulase enzymes which are highly 
specific (Beguin and Aubert, 1994). The products of the hydrolysis are usually reducing 
sugars including xylose and glucose. Both bacteria and fungi can produce cellulases for the 
hydrolysis of lignocellulosic materials. These microorganisms can be aerobic or anaerobic, 
mesophilic or thermophilic, however the anaerobes have a very low growth rate and 
require anaerobic growth conditions; consequently most research for commercial cellulase 
production has focused on fungi (Duff and Murray, 1996). 
The generic name cellulase in fact refers to a system of generally three different enzymes 
whose combined actions cause the efficient degradation of cellulose. In the most accepted 
scheme of cellulase action in the literature, endoglucanase randomly attacks the internal 
glucosidic bonds within an unbroken glucan chain, subsequently the newly created 
nonreducing chain end becomes the substrate for exoglucanase, which cleaves cellobiose 
from the glucan chain and releases them into solution. The hydrolysis of cellulose into the 
glucose end product is completed by β-glucosidase, which splits cellobiose into glucose 
monomers (Zhang and Lynd 2004; Gan et al. 2003; Wyman 1999). 
It is widely observed that endoglucanase and exoglucanase work synergistically together, 
which means the activity exhibited by mixtures of them is greater than the sum of the 
activity of these components evaluated separately (Valjamae et al. 2001; Valjamae et al. 
2003). A schematic representation of the overall reaction has the following form: 
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 𝐶6𝐻10𝑂5 𝑛
𝐸𝑛𝑑𝑜𝑔𝑙𝑢𝑐𝑎𝑛𝑎𝑠𝑒
             𝐶6𝐻10𝑂5 𝑛−𝑥 +  𝐶6𝐻10𝑂5 𝑥  
 𝐶6𝐻10𝑂5 𝑛
𝐸𝑥𝑜𝑔𝑙𝑢𝑐𝑎𝑛𝑎𝑠𝑒
            𝐶6𝐻10𝑂5 𝑛−2 +  𝐶6𝐻10𝑂5 2 
Solid Phase 
 𝐶6𝐻10𝑂5 2
𝛽−𝑔𝑙𝑢𝑐𝑜𝑠𝑖𝑑𝑎𝑠𝑒
            2 𝐶6𝐻10𝑂5  
Liquid Phase 
Extensive studies of cellulose hydrolysis kinetics have been carried out; however 
understanding the dynamic nature of this reaction remains incomplete and limited since 
most of the models in the literature are correlation-based and they are unlikely to be 
reliable under conditions different from those for which the correlation was developed. 
The situation is further complicated due to the unsteady and dynamic nature of the 
reaction kinetics in an ongoing cellulose hydrolysis, which implies that understanding and 
modelling of this process requires taking several factors into account. 
Section two reviews the factors which ought to be taken into consideration in establishing 
a comprehensive mechanistic kinetic model of the cellulase-catalysed reaction. Afterwards 
a mathematical model for enzymatic hydrolysis of cellulose in different condition is 
developed in section three. 
6.2. Key Factors Affecting the Enzymatic Hydrolysis of 
Cellulose  
Enzymatic hydrolysis of cellulose can be divided to two broad steps:  
 External reactions which occur at the outer surface of the particles.  
 Internal reactions which occur inside the particle pores.  
The first step itself involves seven stages as follows (Fan and Lee, 1983): 
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1. Mass transfer of enzyme from bulk of the liquid to the surface of the particles. 
2. Adsorption of enzyme to the surface of the particles. 
3. Formation of enzyme substrate complex. 
4. Transfer of water molecules to the active site of enzyme substrate complex. 
5. Surface degradation of cellulose promoted by enzyme. 
6. Mass transfer of the reaction products to the bulk of liquid. 
7. Hydrolysis of soluble cello-oligomers to glucose by β-glucosidase in the aqueous 
phase 
The internal reaction involves more stages due to the mass transfer via porous media, 
which makes the mathematical modelling of the overall reaction complex. However it is 
essential that a mathematical representation of reaction kinetics incorporates key aspects of 
enzyme-catalyzed reactions. On the other hand the mathematical model should not be 
overcomplicated by attempting to cover all phenomena, some of which may not have 
significant bearing on the analysis.  
The limitation of current understanding and the degree of uncertainty surrounding the 
dynamic kinetic of enzymatic hydrolysis makes the choice of critical factors for model 
development complicated, nevertheless we attempted to review below most of the factors 
which have been considered influential in the literature over the past thirty years. 
6.2.1. Function of each cellulases components  
Cellulases refer to a group of enzymes that contribute to the hydrolysis of cellulose to 
glucose. It is commonly accepted that most fungal cellulases consist of three main 
enzymes, which are endo-1,4-β-glucanase, exo-1,4- β -glucanase, and β -glycosidase. Due 
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to the frequent use of these terms, we shall refer them as endoglucanase, exoglucanase, 
and β -glycosidase respectively in the remaining part of this chapter (Fan and Lee, 1983; 
Gan et al. 2003).  
Endoglucanase attacks β-1,4-bonds with a ―random‖ action, and exoglucanase mainly 
removes single cellobiose units from the nonreducing end of the cellulose chain. The 
random action of endoglucanase increases the availability of cellulose chain ends therefore 
increasing the specific surface of the substrate for exoglucanase catalysis (Fan and Lee, 
1983).  
 
Figure 6.1. Hydrolysis of crystalline cellulose by cellulase 
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6.2.2. Synergistic interaction of cellulase components 
Synergism is the term used when the combination of the enzymes gives a rate 
enhancement greater than the linear sum of the individual enzymes (Wheatley and Moo-
Young 1977). Extent of synergism can be expressed by degree of synergism (DS), which is 
the ratio of the activity showed by mixtures of enzymes divided by the sum of the activities 
of separate enzymes, which by definition should be greater than one (Zhang and Lynd 
2004).  
𝐷𝑆 =
𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑜𝑓 𝑀𝑖𝑥𝑡𝑢𝑟𝑒 𝑜𝑓 𝐸𝑛𝑧𝑦𝑚𝑒𝑠
 𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑜𝑓 𝑒𝑎𝑐𝑕 𝑒𝑛𝑧𝑦𝑚𝑒
 (6.1) 
Synergism has been reported in the literature for so many different system of cellulases, 
however Zhang and Lynd (2004) categorized all the reported synergism in the literature 
into the following seven groups: 
1. Endoglucanase and exoglucanase. 
2. Exoglucanase and exoglucanase. 
3. Endoglucanase and endoglucanase. 
4. Exoglucanase or endoglucanase and β -glycosidase 
5. Intermolecular synergy between catalytic domain and CBM or two catalytic 
domains. 
6. Cellulose-enzyme-microbe (CEM) synergism. 
7. Proximity synergism due to formation of cellulase complexes. 
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Synergism between endoglucanase and exoglucanase is the most common type of 
synergism studied in the literature; in this type of synergism the chain ends which are 
produced by the action of endoglucanase are used by exoglucanase to make cellobiose.  
There have been several factors reported to have a great effect on the degree of synergism 
such as degree of polymerisation (Okazaki and Moo-Young 1978), crystallinity (Fan and 
Lee, 1983), and enzyme loading and pretreatment condition. Although there exist several 
studies on synergetic effect of cellulase components in the literature, there is no consensus 
of the exact impact of each factor on the extent of synergism, consequently there is a great 
uncertainty surrounding the exact mechanism of synergism (Zhang and Lynd 2004). Table 
6.1 shows the number of reported degree of synergism of endoglucanase and exoglucanase 
for different substrates. 
Table 6.1. Degree of synergism of endoglucanase and exoglucanase for different substrates 
Degree of Synergism Strain 
Reference 
1 for amorphous cellulose S.pulverulentum 
(Streamer et al. 1975) 
0.7 for acid treated avicel 
1.4-2 for avicel 
C.stercorarium (Riedel et al. 1997) 
1.8 for amorphous cellulose 
1.7-3.5 for avicel 
T.viride (Beldman et al. 1987) 
2.1 for avicel T.viride 
(Kim et al. 1992) 
6.2.3. Adsorption 
Adsorption of cellulase enzymes and the formation of the enzyme-substrate complex are 
believed to be the important step during the course of enzymatic hydrolysis of cellulose 
and several studies have been carried out to find the mechanism of cellulase adsorption to 
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cellulose (Beldman et al. 1987; Gregg and Saddler 1996; Kim et al. 1992; Kumar and 
Wyman 2008; Ooshima et al. 1983).  
Nevertheless, the exact mechanism involved in binding of enzyme to cellulose and the 
exact role of the different substrate surface domains of different composition for enzyme 
adsorption are not completely understood (Gan et al. 2003). It has been proposed that 
cellulase adsorbs onto the surface of cellulose and performs a number of catalytic actions 
while it moves along the substrate (Jervis et al. 1997). There are two general approaches to 
categorise the models proposed for enzyme adsorption to the surface of cellulose (Gan et 
al. 2003; Zhang and Lynd 2004), which is illustrated in figure 6.2. 
 
The main focus of dynamic adsorption models is finding a relationship between adsorption 
and rate of hydrolysis, for example Nidetzky et al. (1994) reported a linear relationship 
between adsorption of cellobiohydrolase (I) and hydrolysis rate. On the other hand most 
equilibrium adsorption models are based on the Langmuir or modified Langmuir 
isotherms since they represents a simple mechanistic model that can be used to compare 
111 Chapter 6: Enzymatic Hydrolysis 
 
 
 
kinetic properties of various systems and often provide a good fit to the experimental data. 
The Langmuir isotherm has the general form, which is presented in equation 6.2. 
𝐶𝑎 =
𝑊𝑀𝑎𝑥 𝐾𝐶𝑓
1 + 𝑘𝐶𝑓
 (6.2) 
Where 
Due to the implicit simplifying assumptions in the Langmuir model, which do not comply 
with complex mechanism of cellulase adsorption, several studies can be found in the 
literature debating the usage of Langmuir isotherms for cellulase-cellulose system. Despite 
all the theoretical disadvantage of Langmuir isotherms, it is still preferred by so many 
authors due to the availability of its parameter for different systems. Zhang and Lee (2004) 
summarised the Langmuir adsorption parameters for noncomplex cellulases systems, as 
shown in table 6.2. 
 
 
𝐶𝑎  Concentration of adsorbed cellulase  
𝑚𝑔  𝑐𝑒𝑙𝑙𝑢𝑙𝑎𝑠𝑒
𝐿
 𝑜𝑟 
𝜇𝑚𝑜𝑙  𝑐𝑒𝑙𝑙𝑢𝑙𝑎𝑠𝑒
𝐿
  
𝑊𝑀𝑎𝑥  Maximum cellulase adsorption  
𝑚𝑔  𝑐𝑒𝑙𝑙𝑢𝑙𝑎𝑠𝑒
𝐿
 𝑜𝑟 
𝜇𝑚𝑜𝑙  𝑐𝑒𝑙𝑙𝑢𝑙𝑎𝑠𝑒
𝐿
  
𝐶𝑓  Concentration of free cellulase  
𝑚𝑔  𝑐𝑒𝑙𝑙𝑢𝑙𝑎𝑠𝑒
𝐿
 𝑜𝑟 
𝜇𝑚𝑜𝑙  𝑐𝑒𝑙𝑙𝑢𝑙𝑎𝑠𝑒
𝐿
  
𝐾 Dissociation Constant  
𝐿
𝑔
  
112 Chapter 6: Enzymatic Hydrolysis 
 
 
 
Table 6.2. Langmuir cellulase adsorption parameters (Zhang and Lee, 2004) 
Strain Cellulase Substrate 
Temp 
(
o
C) 
Amax 
mg/L (μmol/g) 
KP 
L/g (L/μmol) 
R 
L/g Cellulose 
T. reesei CBH1 BMCC 50 (4.6) (0.28) 1.29 
T. reesei CBH1 BMCC 4 (6.0) (8.33) 50 
T. reesei CBH1 BMCC 4 (4.2) (7.14) 30 
T. reesei CBH1 BMCC 50 (2.63) (4.03) 10.6 
T. reesei CBH1 Avicel 50 (0.48) (0.09) 0.043 
T. reesei CBH1 Avicel 20 69(1.1) (0.278) 0.30 
T. reesei CBH1 Avicel 25 70 (1.07) (0.01) 0.011 
T. reesei CBH1 Avicel 4 48 (0.74) (0.93) 0.69 
T. reesei CBH1 Avicel 20 51.8 0.0192 0.99 
T. reesei CBH1 Avicel 40 40 0.0123 0.53 
T. viride CBH3 (CBH1) Avicel 30 63 6.92 0.436 
T. reesei CBH1 Filter Paper 50 (0.17) (1.41) 0 .24 
T. reesei CBH2 Avicel 25 64 (1.10) (0.01) 0.011 
T. reesei CBH2 Avicel 4 28 (0.52) (1.92) 1.0 
T. reesei CBH2 Avicel 20 54.3 0.0071 0.039 
T. reesei CBH2 Avicel 20 48.9 0.0066 0.033 
T. viride CBH2 Avicel 30 6.6 4.96 0.037 
T. reesei CBH2 Filter Paper 50 (0.258) (0.95) 0.246 
T. reesei EG1 Filter Paper 50 (0.166) (0.56) 0.093 
T. viride EG1 Avicel 30 126 0.88 0.111 
T. viride EG2 Avicel 30 90 0.28 0.025 
T. viride EG3 Avicel 30 26 11.67 0.303 
T. viride EG4 Avicel 30 2.8 2.5 0.007 
T. viride EG5 Avicel 30 105 0.89 0.094 
T. viride EG6 Avicel 30 4.1 3.44 0.014 
T. reesei EG3 Filter Paper 50 (0.308) (0.91) 0.28 
T. reesei total Avicel 5 55.6 3.21 0.178 
T. reesei total Avicel 4 64 1.23 0.079 
T. reesei total Avicel 4 95.2 0.3 0.029 
T. reesei total PSAC 4 1224 0.06 0.073 
T. viride total Cotton 2- 8 78– 89 1.3– 1.48 0.2 
C. thermocellum CBMCipA Avicel 25 10 (0.54) (2.5) 
C. thermocellum CBMCipA PSAC 25 200 (1.08) — — 
C. cellulovorans CBMCbpA Avicel 37 (2.1) (1) 2.1 
C. cellulovorans CBMCbpA Ab.Ct. 37 (6.4) (1.25) 8 
C. cellulovorans CBMCipA Fb.Cellulose 37 (0.2) (1.4) 0.28 
C. thermocellum CBMCe1K PASC — (17.1) — (2.33) 
C. thermocellum CBMCe1K BMCC — (3.95) — 9.87) 
C. fimi CBMCex PASC 22 40 — — 
C. fimi CBMCex Avicel 22 3 — — 
C. fimi CBMCex BMCC 22 13.3 — — 
T. fusca CBME3 BMCC 50 (1.65) (0.124) 2.05 
T. fusca CBME3 Avicel 50 (1.77) (0.182) 0.322 
T. reesei CBMCBH1 BMCC 22 22 — — 1.5 
T. reesei CBMCBH2 BMCC 22 — — 1.0 
6.2.4. Enzyme inhibition and deactivation  
It is widely accepted that cellulolytic enzymes are inhibited by end products (glucose 
and/or cellobiose) and for most cellulase systems it is thought that cellobiose is a stronger 
inhibitor compared to glucose (Lee and Fan 1983). There have been several mechanisms 
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proposed for end product inhibition of cellulases such as competitive (Gruno et al. 2004), 
non-competitive (Fan and Lee 1983) as well as mixed inhibition (Gusakov and Sinitsyn 
1992).  
It was shown that the specific rate of hydrolysis is reduced by increasing the substrate 
concentration, which is referred to substrate inhibition (Ooshima et al. 1991). Fenske et al. 
(1999) proposed a theoretical explanation for substrate inhibition with the aid of individual 
based Monte Carlo simulation for the hydrolysis of the crystalline substrate, their model 
revealed that the apparent substrate inhibition can be ascribed to the loss of synergism 
caused by the surface dilution of enzymes occurring as the enzyme-to-substrate ratio is 
increased. On the other hand Valjamae et al. (2001) proposed that an increased substrate 
concentration at a fixed enzyme load will increase the average diffusion distance/time 
needed for exoglucanases to reach new chain ends created by endoglucanases, resulting in 
an apparent substrate inhibition of the synergistic action. 
An intensive agitation regime in the hydrolysis column may reduce the external mass 
transfer resistance, therefore accelerating the overall process. However it has been 
generally accepted that cellulase enzymes are at risk of deactivation when exposed to fluid 
shear stress in the reaction zone. Gan et al. (2003) introduced a parameter named ―shear 
field residence time‖ to account for the shear deactivation of cellulase in their mathematical 
model of the process. However their simulations and experiments showed that in most 
practical cases, shear stress in the reactor is not high enough to cause any significant 
damage to the enzyme (Gan et al. 2003).  
114 Chapter 6: Enzymatic Hydrolysis 
 
 
 
6.2.5. Mass transfer considerations 
The initial stage of the hydrolysis reaction starts by external diffusion of enzymes through 
the stagnant liquid film around the substrate. Diffused enzyme then adsorbs to the 
substrate surface and starts the catalytic reaction. At the initial stage of the hydrolysis 
reaction at the outer surface, the enzymes adsorb rapidly at the external surface of 
cellulose, occupying some of the sites accessible at the substrate surface. With the progress 
of reaction, the cellulose particles shrink and as a result the number of available sites is 
decreased. This will continue until no site remains unoccupied and the whole substrate 
surface is covered with the active and inactive enzyme–cellulose complex. This process 
continues until the entire substrate surface is completely covered by the stable inactive 
cellulose–enzyme and product inhibited complexes. 
After the initial stage of external surface reaction, enzyme penetrates inside the porous 
substrate and promotes the internal reaction, which causes the structural changes in 
substrate (Gan et al. 2003); a schematic representation of these reaction stages is shown in 
figure 6.3.  
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  Several authors neglected the external mass transfer stage in stirred tank batch reactor due 
to the agitation in the system; however Gan et al. (2003) suggested that the importance of 
external mass transfer should be viewed in the dynamic cycle shown in figure 6.4. 
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In addition to the enzyme diffusion, local concentration of inhibitors largely depends on 
the overall mass transfer process, consequently it can be suggested that for any model for 
enzymatic hydrolysis to be accurate, it should account for spatial enzyme and product 
concentration.   
6.2.6. Physiochemical structure of biomass 
The three major components of the vast majority of lignocellulosic materials are cellulose, 
hemicellulose, and lignin. Cellulose and hemicellulose typically comprise roughly two 
thirds of the dry mass of biomass materials (Mosier et al, 2005). Cellulose is a linear 
polymer of glucose associated with hemicellulose and other structural polysaccharides, 
which is all surrounded by a lignin seal. Lignin is a complex 3-dimensional polyaromatic 
matrix and forms a seal around cellulose microfibrils which prevents enzyme and acid 
from accessing some regions of the cellulose structure (Weil et al, 1994). 
 
Figure 6.2. Lignocellulose model showing lignin, cellulose and hemicellulose (Source: USDA 
Agricultural Research Service) 
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Cellulose present in lignocellulosics is a long chain polymer consisting of D-glucose linked 
only by β-1,4 bonds, with a high molecular weight of approximately half a million D-
glucose. These chains are in layers, held together by van der Waals forces with 
intramolecular and intermolecular hydrogen bonds being present. It should be added that 
cellulose present in lignocellulosic material is composed of crystalline and amorphous 
components, each showing different digestibility upon enzymic attack.  
Degree of polymerization, crystallinity and accessibility have been identified as the most 
important structural features affecting the susceptibility of cellulose to enzymatic 
hydrolysis (Fan and Lee 1983; Gan et al. 2003; Gregg and Saddler 1996; Jervis et al. 1997; 
Movagarnejad et al. 2000; Movagharnejad 2005). 
I. Degree of polymerisation 
The degree of polymerization (DP) is the number of repeated units in an average polymer 
chain. The degree of polymerisation of cellulosic material is an important factor in 
determining the rate of enzymatic hydrolysis, since polymerisation of the cellulosic 
substrate shows the relative abundance of terminal and internal β-glucosidic bonds, and 
exoglucanase acts preferably at terminal bonds and endoglucanase at internal bonds.  
The most common way of representing DP is number average degree of polymerisation 
(DPN), which is shown in equation 6.3 (Zhang and Lynd 2004). 
𝐷𝑃𝑁 =
𝑀𝑁
𝑀𝑊𝑔𝑙𝑢𝑐𝑜𝑠𝑒
 
(6.3) 
Where 
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𝐷𝑃𝑁  Number average degree of polymerisation 
𝑀𝑁  Number average molecular weight 
𝑀𝑊𝑔𝑙𝑢𝑐𝑜𝑠𝑒  Molecular weight of anhydroglucose 
The DP of cellulosic substrate varies greatly depending on the origin of substrate and 
pretreatment condition, for most insoluble cellulosic substrates DP varies from 100 to 
10,000 (Zhang and Lynd 2004). 
The change of DP over the course of hydrolysis is the subject of intensive research; it is 
generally observed that the ratio of exoglucanase to endoglucanase is an important factor 
affecting the dynamic change of DP during the enzymatic reaction. Since endoglucanase 
randomly attacks the interior portion of cellulose chain, it reduces the DP rapidly. On the 
other hand exoglucanase acts on chain end, and thus decrease DP slightly (Kleman-Leyer 
et al. 1996). 
II. Crystallinity 
It has been proposed in several studies that the crystallinity of cellulose is a determining 
factor for the rate of hydrolysis; this is based on the assumption that in highly crystalline 
cellulose, glucose monomers are less accessible to enzyme due to the intermolecular 
hydrogen bonds.  
However, contradictory results can be found in the literature that shows both a strong and 
weak correlation between the hydrolysis rate of cellulose and its crystallinity. It has also 
been proposed that the effect of reduced crystallinity on hydrolysis rate is a result of the 
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increase in surface area rather than a reduction in the proportion of the crystalline material 
in the substrate (Gregg and Saddler 1996). Consequently it is difficult to conclude at this 
time that crystallinity is a key determinant of the rate of enzymatic hydrolysis (Zhang and 
Lynd 2004). 
III. Accessibility 
The susceptibility of cellulosic substrate to enzymatic hydrolysis is thought to depend on 
size and shape of cellulosic substrate (Kim et al. 1992) as well as its capillary structure 
(Tanaka et al. 1988). Due to the complexity involved in measuring the effect of each factor 
independently, it is common to combine the effect of capillary structure of substrate as well 
as its shape and size into one factor named ―accessibility‖. It should be noted that 
combining the effect of several partially known variables into one variable is becoming a 
common approach in the modelling of chemical processes; this approach enables using the 
explicitly known knowledge of system with partially known physical parameters to get 
better insights into the system. In the context of modelling this approach is named ―grey 
box modelling‖ (Kristensen et al. 2004). 
It has been commonly suggested in the literature that the surface area of the substrate 
available to enzyme is a significant factor determining the hydrolysis rate (Gregg and 
Saddler 1996).  Due to the porous structure of cellulosic material, enzymatic hydrolysis 
can take place both at the external and internal surface of the substrate.  External surface 
area available for enzyme adsorption is closely related to shape and particle size, however 
the chemical composition of the outer surface of cellulosic material is a determining factor 
since as reaction proceeds inert material (e.g. lignin) remains at its original place, 
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consequently reducing the surface area available to the enzyme. Dynamic reduction of 
external surface area available for enzymatic hydrolysis has been modelled in the literature 
based on shrinking particle theory (Movagarnejad et al. 2000; Movagharnejad 2005).  
The internal surface area of porous cellulosic particles depends on its capillary structure. 
The capillary structure of substrate affects the hydrolysis rate since in small pores, only the 
smaller components of the cellulase complex can enter, this tends to segregate the cellulase 
components and reduce the overall hydrolysis rate because the synergistic action of the 
cellulase complex is reduced. In larger pores, however, all the components can enter, and 
since the available surface area is increased, the hydrolysis rate is increased. In short, it is 
believed that small pores hinder and large pores enhance the hydrolysis rate (Tanaka et al. 
1988). 
6.3. Mathematical modelling of enzymatic hydrolysis of 
cellulose 
As reviewed in the earlier section, the reaction kinetics of enzymatic cellulose hydrolysis is 
influenced by many factors. Moreover, the influence of each factor is difficult to quantifing 
separately since many factors are interrelated during the enzymatic hydrolytic reaction and 
the effect of each factor cannot be practically measured experimentally yet. In developing a 
mathematical representation of the enzymatic hydrolytic reaction kinetics, vital 
information should be incorporated without over-complicating the model by considering 
all the interrelated events in the complex heterogeneous reaction.  
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It is assumed here that the general mechanism for enzymatic hydrolysis of cellulose has 
the following four steps. 
1 − 𝐸𝑛𝑧𝑦𝑚𝑒 𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛 𝑖𝑛𝑡𝑜 𝑝𝑜𝑟𝑜𝑢𝑠 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 
2 − 𝐸𝑛𝑧𝑦𝑚𝑒 𝑎𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑡𝑜 𝑐𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒  
 𝐶𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒 + 𝑒𝑛𝑧𝑦𝑚𝑒 ⇌  𝐶𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒 − 𝐸𝑛𝑧𝑦𝑚𝑒 𝑐𝑜𝑚𝑝𝑙𝑒𝑥  
3 − 𝐻𝑦𝑑𝑟𝑜𝑙𝑦𝑡𝑖𝑐 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛  
 𝐶𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒 − 𝐸𝑛𝑧𝑦𝑚𝑒 𝑐𝑜𝑚𝑝𝑙𝑒𝑥 ⟶ 𝐸𝑛𝑧𝑦𝑚𝑒 + 𝑃𝑟𝑜𝑑𝑢𝑐𝑡  
4 − 𝑃𝑟𝑜𝑑𝑢𝑐𝑡 𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛 𝑜𝑢𝑡 𝑜𝑓 𝑝𝑜𝑟𝑜𝑢𝑠 𝑚𝑒𝑑𝑖𝑎 
One important feature in our proposed model is a new approach to consider the evolution 
of cellulose chain length during the hydrolytic reaction (step three) by employing a 
population balance model. In addition, new mechanisms for hydrolysis of cellulose by 
endoglucanase and exoglucanase are proposed in which bond breakage is a function of 
position in the chain as well as the susceptibility to enzymatic attack. As a result, in the 
remaining part of this section we shall first focus on developing a mechanistic model for 
step three and then proposing a holistic model considering all four steps together.    
6.3.1. Population balance model of exo- and endoglucanase action 
A population balance model on any system is concerned with keeping track of numbers of 
events whose existence or occurrence possibly will dictate the behaviour of the system 
under investigation. The population balance modelling earns its relevance from the 
dependence of the behaviour of the system on the number and nature of the foregoing 
entities.  
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It is usual to encounter birth processes that create new entities and death processes that 
destroy existing ones. The birth and death processes may depend on the states of the 
entities created or destroyed with a connected phenomenology. A population balance 
model is defined by the combined phenomenology contained in the displacement of 
entities through their state space and the birth and death processes that terminate existing 
entities and produce new entities.  
The phenomenology of population balance is concerned with the behaviour of the single 
entity in the company of its fellow entities so then the population balance model can be a 
reasonable description of the system (Ramkrishna and Mahoney 2002).  
Although population balance models have an early history with respect to specific fields of 
application and even the Boltzmann equation (which is more than a century old and may 
be regarded as a population balance equation addressing the distribution of molecules in a 
state space including spatial coordinates and velocities), no literature could be found, 
which uses the population balance modelling approach for the hydrolysis of cellulose 
molecules with different chain lengths (Ramkrishna 2000).  
In the remaining part of this section, the focus will be on developing a population balance 
based kinetic model for the action of endoglucanase and exoglucanase.  
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I. Endoglucanase 
A. Model development 
Endoglucanase attacks β-1,4-bonds within the cellulose chain with random action. The 
general kinetic equation of depolymerisation describing evolution of the distribution of 
sizes for a continuous polymeric system is described by the kinetic equation shown in 
equation 6.4 (McGrady and Ziff, 1985). 
𝑥 𝑚𝑒𝑟
𝑑𝑒𝑝𝑜𝑙𝑦𝑚𝑒𝑟𝑖𝑠𝑎𝑡𝑖𝑜𝑛
               𝑥 − 𝑦  𝑚𝑒𝑟 + 𝑦 𝑚𝑒𝑟 
𝜕𝑐(𝑥, 𝑡)
𝜕𝑡
= −𝑐(𝑥, 𝑡)  𝐹 𝑦, 𝑥 − 𝑦 𝑑𝑦 + 2  𝑐 𝑦, 𝑡 𝐹(𝑥, 𝑦 − 𝑥)𝑑𝑦
∞
𝑥
𝑥
0
 (6.4) 
Where 
c(x,t) Concentration of x-mer as a function of time 
F(x,y) Intrinsic rate that (x+y)-mer breaks up into an x-mer and a y-mer 
The first term on the right hand side of equation 6.4 represents the decrease in x-mers due 
to all possible breakups (death) of an x-mer ,  (x) + (y) + (x − y), x > 𝑦 , and the second 
term represents the increase in x-mers concentration due to all possible formation (birth) 
,  ( 𝑦 )  + (x)  +  (y −  x), y >  𝑥 , with a factor of 2 to take into account that either of the 
particles resulting can be an x-mer. For a given intrinsic fragmentation rate and initial 
distribution, equation four gives the complete time behaviour of c(x, t).  
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The most challenging part of modelling the action of endoglucanase is defining the 
intrinsic rate function (F(x,y)) based on the reaction mechanism. It is generally accepted 
that endoglucanase attacks the cellulose chain randomly, thus it has no preference for any 
bond inside the chain. However, longer chains a have higher surface area, which makes 
them possibly more susceptible for enzymatic attack; on the other hand increasing the 
chain length would increase the diffusion distance/time for enzymes (Jervis et al. 1997). 
Based on these considerations it can be hypothesised that intrinsic rate is a function of 
polymer length; in this work we assumed that the intrinsic rate is a linear function of 
polymer (cellulose) chain length.  
𝐹 𝑥, 𝑦 = 𝛼 𝑥 + 𝑦  (6.5) 
Where  
𝛼 = Intrinsic rate constant  1 min    
It is of great importance to note that F(x,y) gives the intrinsic rate that an (x+y)-mer 
breakes up into an x-mer and y-mer. Consequently F(x,y) can be only defined for single 
polymer and shows how its structure (e.g. length) affects  its rate of reaction. If one is 
interested to know the order of the defined reaction, we should say it is first order with 
regard to the concentration of single polymer in the polymer bulk (𝑐(𝑥, 𝑡) is to the power of 
one) and is second order with regard to the number of monomers in a single polymer 
( 𝐹 𝑦, 𝑥 − 𝑦 𝑑𝑦
𝑥
0
 is to the power of two).  
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A possible confusion may arise here, due to the multiscale nature of the model. However, 
almost all problems in science and engineering are multiscale in nature. Species are made 
up of atoms and electrons at the atomic scale and at the same time are characterized by 
their own geometric dimensions which are usually several orders of magnitude larger. In 
the same way, atomic processes occur at the time scale of femto-seconds (10-15 second), but 
most observable events happen at a much slower pace. When dealing with a multiscale 
problem we should keep in mind that at each scale the complexity of the problem is 
different.  
The population based models are of great advantage since they offer a fairly simple way to 
consider the processes at different scales with different complexity and how they affect the 
population of particles. The intrinsic rate constant in equation 6.5 represents the 
dependence of nano-scale reactions on pH and temperature, which indicates how changing 
the external variable would affect the rate of chain breakage in a single cellulose polymer, 
and the term "  𝐹 𝑦, 𝑥 − 𝑦 𝑑𝑦
𝑥
0
" indicates how changing the external variable would affect 
the rate of chain breakage in the bulk of polymers. 
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Figure 3.6. Multiscale model of cellulose hydrolysis 
Using the defined intrinsic rate of hydrolysis in equation four results in equation 6.5, 
which is the continuous kinetic model for hydrolysis of cellulose by the action of 
endoglucanase alone. 
𝜕𝑐(𝑥, 𝑡)
𝜕𝑡
= −𝛼𝑥2𝑐 𝑥, 𝑡 + 2𝛼 𝑦𝑐 𝑦, 𝑡 𝑑𝑦
∞
𝑥
 
(6.6) 
McGrady and Ziff (1985) tried to solve an equation similar to equation six using a solution 
with the form of 𝑐 = 𝐴 𝑡 exp⁡(−𝐵 𝑡 𝑥𝑛). Based on their solution the following general 
explicit solution can be proposed for equation 6.6. 
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𝑐 𝑥, 𝑡 = 𝑒−𝑡(𝛼𝑥 )
2
 𝑐 𝑥, 0 + 2𝛼𝑡 𝑦𝑐 𝑦, 0 𝑑𝑦
∞
𝑥
  (6.7) 
For example for a monodisperse initial distribution 𝑐 𝑥, 0 = 𝛿(𝑥 − 𝑙) , the solution 
would have the following explicit form. 
𝑐 𝑥, 𝑡 =  
2𝑡𝑙𝛼𝑒−𝑡(𝛼𝑥)
2
, 𝑥 < 𝑙
𝛿(𝑥 − 𝑙)𝑒−𝑡(𝛼𝑙)
2
, 𝑥 = 𝑙
  (6.8) 
If we assume the most possible case in which initially no product (glucose/cellobiose) 
exists in the system and size distribution of the cellulose polymer in the system has the 
form of a normal distribution  𝑐 𝑥, 0 = 𝑒
 −
(𝑥−𝑗 )2
2𝑐2
 
  then the model would have the 
following form: 
𝑐 𝑥, 𝑡 = 𝑒−𝑡(𝛼𝑥 )
2
 𝑒
 −
(𝑥−𝑗 )2
2𝑐2
 
+ 2𝛼𝑡 y𝑒
 −
(𝑦−𝑗 )2
2𝑐2
 
𝑑𝑦
∞
𝑥
  (6.9) 
𝑐 𝑥, 𝑡 = 𝑒−𝑡(𝛼𝑥 )
2
 𝑒
 −
(𝑥−𝑗 )2
2𝑐2
 
+ 2𝛼𝑡   𝑐2𝑒
 −
(𝑦−𝑗 )2
2𝑐2
 
− 𝑐𝑗 
𝜋
2
𝑒𝑟𝑓  
𝑗 − 𝑦
 2𝑐
  
𝑥
∞
   (6.10) 
128 Chapter 6: Enzymatic Hydrolysis 
 
 
 
𝑐 𝑥, 𝑡 = 𝑒−𝑡(𝛼𝑥)
2
 𝑒
 −
(𝑥−𝑗 )2
2𝑐2
 
+ 2𝛼𝑡  𝑐𝑗 
𝜋
2
− 𝑐2𝑒
 −
(𝑦−𝑗 )2
2𝑐2
 
+ 𝑐𝑗 
𝜋
2
𝑒𝑟𝑓  
𝑗 − 𝑦
 2𝑐
    
(6.11) 
The developed set of equations describes the evolution of polymer size during the course of 
hydrolysis assuming the enzyme-substrate complex as a single reactant. However in order 
to account for the enzymatic nature of the reaction it is required to incorporate the 
concentration of adsorbed enzyme into the model separately, so the general equation 
would have the following form: 
𝑐 𝑥, 𝑡 = 𝑒−𝑡(𝛼𝑥 )
2
 𝑐𝑎𝑐 𝑥, 0 + 2𝛼𝑡 𝑦𝑐𝑎𝑐 𝑦, 0 𝑑𝑦
∞
𝑥
  (6.12) 
where  
𝑐𝑎 = 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑑 𝑒𝑛𝑧𝑦𝑚𝑒  
The break up reaction after enzyme-substrate formation has been considered so far, 
however in order to consider the Michaelis-Menten form of the reaction, it is required to 
incorporate enzyme adsorption into the model. Coupling equation 6.7 with a Langmuir-
isotherm would enable us to relate the dynamic size distribution of the system with the 
concentration of enzyme in the liquid phase for the reaction with following mechanism. 
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𝐶𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒 + 𝑒𝑛𝑧𝑦𝑚𝑒 ⇌  𝐶𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒 − 𝐸𝑛𝑧𝑦𝑚𝑒 ⟶ 𝐸𝑛𝑧𝑦𝑚𝑒 + 𝑃𝑟𝑜𝑑𝑢𝑐𝑡 
𝑐 𝑥, 𝑡 =
𝑊𝑀𝑎𝑥𝐾𝐶𝑓
1 + 𝑘𝐶𝑓
𝑒−𝑡(𝛼𝑥 )
2
 𝑐 𝑥, 0 + 2𝛼𝑡 𝑦𝑐 𝑦, 0 𝑑𝑦
∞
𝑥
  (6.13) 
where  
𝑊𝑀𝑎𝑥 = Maximum cellulase adsorption  
𝑚𝑔  𝑐𝑒𝑙𝑙𝑢𝑙𝑎𝑠𝑒
𝐿
 𝑜𝑟 
𝜇𝑚𝑜𝑙  𝑐𝑒𝑙𝑙𝑢𝑙𝑎𝑠𝑒
𝐿
   
𝐶𝑓  = Concentration of free cellulase  
𝑚𝑔  𝑐𝑒𝑙𝑙𝑢𝑙𝑎𝑠𝑒
𝐿
 𝑜𝑟 
𝜇𝑚𝑜𝑙  𝑐𝑒𝑙𝑙𝑢𝑙𝑎𝑠𝑒
𝐿
   
𝐾 = Dissociation Constant  
𝐿
𝑔
   
B. Numerical simulation and Model Validation 
Any valid model should be able to retrodict the results presented in the literature, but no 
study could be found in the literature reporting all the details which have been considered 
in our model. However in order to compare the results of model prediction with 
experimental data, the parameter in the above equation  𝛼   was estimated for the system 
studied by Kurakake et al. (1995), in which adsorption data is presented as well as 
fractional conversion, but the initial concentration of each polymer is not measured 
exactly, thus we assumed here that initially the cellulose size distribution followed a 
normal form.  
It should be highlighted here that although a continuous kinetic equation would enable to 
obtain an explicit solution, the depolymerisation process has a discrete nature, which can 
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be better presented by the following discrete equations for the evolution of degraded 
polymer.  
𝜕𝑐(𝑁, 𝑡)
𝜕𝑡
= −
𝑊𝑀𝑎𝑥 𝐾𝐶𝑓
1 + 𝑘𝐶𝑓
𝛼𝑁2𝑐 𝑁, 𝑡 𝑥 = 𝑁 (6.14) 
𝜕𝑐(𝑥, 𝑡)
𝜕𝑡
=
𝑊𝑀𝑎𝑥 𝐾𝐶𝑓
1 + 𝑘𝐶𝑓
 −𝛼𝑥2𝑐 𝑥, 𝑡 + 2𝛼 𝑥𝑐 𝑥, 𝑡 
∞
𝑥
 1 < 𝑥 < 𝑁 (6.15) 
𝑐 1, 𝑡 = 𝑐 0, 𝑡 +  𝑥𝑐 𝑥, 0 
∞
2
−  𝑥𝑐 𝑥, 𝑡 
∞
2
𝑥 = 1 (6.16) 
Where ‗N‘ is the number of monomers in the largest polymer chain, which only undergoes 
the break up process and its dynamic behaviour is shown by equation 6.8. The size 
evolution of all polymers which are undergoing both break up and formation processes is 
shown by equation 6.15. The first term on the right hand side of equation 6.15 represents 
the decrease in x-mers due to all possible breakups of an x-mer ,  (x) + (y) + (x −
y), x>𝑦, and the second term represents the increase in x-mers concentration due to all 
possible formation ,  ( 𝑦 )  + (x)  + (y −  x), y >  𝑥 , with a factor of 2 to take into 
account that either of the particles resulting can be an x-mer. Finally, equation 6.16 is a 
mass conservation equation to determine the concentration of monomer at any given time 
during the process. 
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As was mentioned earlier, in order to compare the model prediction with literature it is 
assumed here that the initial size distribution of the cellulose has the form shown in the 
following figure. Using the available adsorption data from Kurakake et al. (1995) and the 
assumed initial condition, parameter estimation was performed using the constant relative 
variance method in gPROMS to find the value for the intrinsic rate function in the 
fractional conversion of substrate (details of parameter estimation are presented in 
Appendix 1.a).  
𝑋 = 1 −
 𝑥𝑐 𝑥, 𝑡 ∞2
 𝑥𝑐 𝑥, 0 ∞2
 (17) 
 
Figure 6.4. Initial size distribution of cellulose 
The model prediction is very close to the experimental results presented by Kurakake et al. 
(1995) as shown in figure 6.8. Using the estimated values for the parameters in equation 
6.15, the evolution of size distribution for cellulose polymers is shown in figure 6.9. 
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Figure 6.5.Fractional conversion of cellulose by endoglucanase 
Figure 6.9 shows that as reaction proceeds, a major peak is shifted progressively towards 
lower DP positions at the beginning of the reaction and then the major peak becomes 
narrow at lower DP positions. From this observation it can be proposed that rate of 
reaction is more sensitive to the polymer length at higher DPs and this dependency 
decreases as the concentration of polymers with lower DPs increases.  
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Figure 6. Evolution of size distribution for cellulose polymers 
The rapid decrease in the rate of cellobiose formation has been observed and studied by 
several authors and several hypotheses have been proposed to explain the reason for this 
rapid decline (Converse et al. 1988; Movagarnejad et al. 2000; Movagharnejad 2005; 
Philippidis et al. 1993). However it is showed here that with the aid of taking into account 
the size distributions of cellulose polymers it would be possible to explain the trend of 
rapid decline in the rate of glucose production and there is no need to employ numerous 
assumptions, which have been widely used in the literature, and which do not have strong 
supporting logic behind. 
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Figure 6.7. Rate of glucose formation by the action of endoenzyme 
II. Exoglucanase 
A. Model development 
It is widely accepted that exoglucanase mainly removes single units from the nonreducing 
end of the cellulose chain; consequently the action of exoglucanase causes a gradual 
decrease in the degree of cellulose chain polymerisation (Zhang and Lynd 2004). 
The general mode of action of exoglucanase is closely similar to what is named 
―depolymerisation with chain end scission‖ in polymer science (Tobita 2007) . In 
depolymerisation with chain end scission, monomer molecules are severed one by one 
from the chain ends, thus in this process it is commonly assumed that the 
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depolymerisation process is irreversible and all the chain ends have equal reactivity (Tobita 
2007; Kostoglou 2000).  
The schematic representation of the chain end scission process is shown in the figure 
below. 
 
Figure 6.8. Schematic representation of the chain end scission process 
Based on the consideration above, the following set of equations has been developed for 
the system in which enzyme removes a single cellobiose unit from the nonreducing end of 
the cellulose chain. 
𝑐𝑖   𝑐𝑖−2 + 𝑐𝑒𝑙𝑙𝑜𝑏𝑖𝑜𝑠𝑒  
𝜕𝑐𝑁
𝜕𝑡
= −𝑘𝑐𝑁 (6.18) 
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𝜕𝑐𝑁−1
𝜕𝑡
= −𝑘𝑐𝑁−1 (6.19) 
𝜕𝑐𝑖
𝜕𝑡
= 𝑘𝑐𝑖+2 − 𝑘𝑐𝑖  (6.20) 
𝜕𝑐2
𝜕𝑡
= 2𝑘𝑐4 + 𝑘𝑐3 +  𝑘𝑐𝑖
𝑁
𝑖=4
 (6.21) 
𝜕𝑐1
𝜕𝑡
= 𝑘𝑐3 (6.22) 
Where ‗N‘ is the number of monomers in the largest polymer chain and ―N-1‖ is the 
number of monomers in the second largest polymer chain, which are only undergoing the 
break up process and its dynamic behaviour is shown by the first two equations. The size 
evolution of all polymers which are undergoing both break up and formation processes is 
shown by equation 6.20. The first term on the right hand side of equation 6.20 represents 
the increase in x-mer concentration due to removal of one unit from (x+2)-mer, and the 
second term represents the decrease in x-mers concentration due to removal of one unit.  
Finally equation 6.21 represents the formation of the cellobiose. It should be noted that the 
first term on the right hand side of the equation 6.21 represents the formation of monomers 
due to the breakup of a polymer with DP=4, with a factor of two to show that the product 
of its breakage is two cellobiose units. The second and third term in this equation imply 
that enzymatic hydrolysis of all other polymers results in the formation of single cellobiose 
unit. 
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Although in the literature the main product of cellulose hydrolysis by exoglucanase has 
been considered to be cellobiose, it should be noted that at least from a theoretical point of 
view, breakup of the polymer with DP=3 results in one cellobiose and one glucose unit, 
consequently there should be some glucose left after the completion of cellulose hydrolysis 
by exoglucanase. Equation 6.22 shows the kinetic equation for the formation of glucose. 
It is possible to examine the validity of the model by writing a mass conservation equation 
for the whole system, as shown in equation 6.23.  
𝐶(1, 𝑡) =   𝑥. 𝑐 𝑥, 0 − 𝑥. 𝑐(𝑥. 𝑡) 
𝑁
𝑥=2
 6.23 
The term  𝑥. 𝑐(𝑥. 𝑡)𝑁𝑥=0  is named ―zeroth moment of the distribution‖ which shows the 
total number of bonded and unbonded monomers at any given time. Since the total 
number of bonded and unbonded monomers is constant during the course of hydrolysis, 
the difference between the initial number of bonded monomers and total number of 
bonded monomers at any time should represent the number of monomers which are 
generated during the hydrolysis process. 
The form of kinetic equations, which are developed for cellulose hydrolysis by 
exoglucanase is similar to the kinetic equations developed in the literature for polymer 
degradation with chain-end scission. Kostoglou (2000) developed a mathematical model 
for polymer degradation with chain-end scission; kinetic equations of the system studied 
and the explicit solution are as follows. 
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It should be noted that in the model developed by Kostoglou (2000), the final product was 
the monomer but in the case of cellulose hydrolysis by exoglucanase, the final products are 
dimer (cellobiose) and monomer. However, based on the structural similarity of two 
systems, the following solution can be proposed for the number fraction of produced dimer 
(cellobiose). 
𝑐2 = 2  𝑛𝑗0𝑃 𝑗 − 1, 𝑘𝑡 +   𝑛𝑗0𝑃 𝑗 − 𝑖 + 1, 𝑘𝑡 
𝑁
𝑗=𝑖
𝑁
𝑖=5
𝑁
𝑗=4
 (6.29) 
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𝑃 𝑖, 𝑡 =
1
 𝑖 − 1 !
 𝑒−𝜏𝜏𝑖−1𝑑𝜏
𝑡
0
 (6.30) 
The set of equations above describes the evolution of polymer size during the course of 
hydrolysis assuming the enzyme-substrate complex as a single reactant. However in order 
to account for the enzymatic nature of the reaction it is required to incorporate the 
concentration of adsorbed enzyme into the model separately, so the general equation 
would have the following form.  
 
The break up reaction after enzyme-substrate formation has been considered so far, 
however in order to consider the Michaelis-Menten form of the reaction, it is required to 
140 Chapter 6: Enzymatic Hydrolysis 
 
 
 
incorporate enzyme adsorption into the model. Coupling the above set of equations with a 
Langmuir-isotherm would enable us to relate the dynamic size distribution of the system 
with the concentration of enzyme in the liquid phase for the reaction with following 
mechanism. 
 
where  
𝑐𝑎 = 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑑 𝑒𝑛𝑧𝑦𝑚𝑒  
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B. Numerical Simulation and Model Validation  
Any valid model should be able to retrodict the results presented in the literature, but again 
no study could be found in the literature reporting all the details which have been 
considered in our model. However in order to compare the result of model prediction with 
experimental data, the parameter in the above equation  𝑘𝑐𝑎    was estimated for the 
system studied by Hoshino et al. (1993) In which they studied the effect of exoglucanase 
from irpex lacteus on H3PO4 treated cotton linter. The initial average degree of 
polymerization of the cellulose sample in their study was 2000 (variance was not reported).  
Although the work by Hoshino et al. (1993) is one of the only experiments in the literature 
in which the initial size distribution of the cellulose molecules is reported, they only 
focused on the average degree of polymerisation not on initial size distribution of all the 
polymers. Since in the model developed in this work, the initial size distribution of the 
cellulose polymers is needed, it is assumed that initial size distribution of the polymers has 
a normal distribution form with a peak at DP=2000. It should be added that in the system 
they studied the concentration of free enzyme was constant, thus it is possible to assume 
𝑘𝑐𝑎  is constant. The initial size distribution and the result of hydrolysis are shown below. 
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The result of exoglucanase action from irpex lacteus on H3PO4 treated cotton linter is 
summarised in the table below. 
Table 6.3. Extent of H3PO4 treated cotton linter hydrolysis by exoglucanase (Source: Hoshino at al. 1993) 
  Substrate Time (h) Extent (%) 
H3PO4 treated cotton 
linter 
(CrI = 0) 
0.5 2.3 
1 4.4 
3 11.5 
6 21.1 
12 34.9 
In order to compare the result of the proposed model with experimental data, the 
parameters in the equations 6.31 to 6.35 were estimated for the system studied by Hoshino 
et al. (1993). Parameter estimation was performed by the constant relative variance method 
in gPROMS; in this method the measurement error depends on the magnitude of the 
measured values. Details of the parameter estimation are presented in Appendix 2.b. 
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Model predictions and experimental results for the extent of cellulose degradation are 
shown in the figure below (confidence interval =95%). 
 
Figure 6.9. Extent of cellulose degradation  
(Experimental data adopted from Hoshino et al., 1993) 
 The model prediction is very close to the experimental results presented by Hoshino et al. 
(1993) as shown in the figure. Using the estimated values for the parameter, it is possible to 
investigate the evolution of size distribution for cellulose polymers during the course of 
hydrolysis. In the figure below it is shown that how the size distribution changes during 
the course of hydrolysis until it reaches a point where all the cellulose polymers are 
consumed.  
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Figure 6.10. Size distribution of cellulose during enzymatic hydrolysis by exoenzyme 
For more clarification, the initial size distributions of cellulose polymers as well as the size 
distribution at five different times are shown in the figure below. Figure 6.15 shows that 
the major peak moves toward the lower DP, however variance remains almost constant 
compared to what is observed by endoglucanase, which is in accordance with the 
mechanism of exoglucanase action (exoglucanase has no preference for cellulose polymers 
with different length). 
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Figure 6.11. Size distribution changes over time 
The rapid decrease in the rate of cellobiose formation has been observed and studied by 
several authors and several hypotheses have been proposed to explain the reason of this 
rapid decline (Converse et al. 1988; Movagarnejad et al. 2000; Movagharnejad 2005; 
Philippidis et al. 1993; Phisalaphong et al. 2006). However it is shown in the following 
figure that with the aid of taking into account the size distributions of cellulose polymers it 
would be possible to explain the trend of rapid decline in the rate of glucose production 
and there is no need to employ these numerous assumptions, which do not have strong 
supporting logic. 
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Figure 6.12. Rate of cellobiose formation over time 
It is widely accepted in the literature that the rate of cellobiose formation strongly depends 
on the concentration of chain ends (Zhang and Lynd 2004). In addition, the concentration 
of chain ends decreases during the process at all the time; as a result the rate of cellobiose 
formation should decrease during the process continuously. However at the beginning of 
the reaction there is period in which the rate is fairly constant, which may imply the 
dependency of the rate function on a factor other the concentration of chain ends. For 
more clarification, the following figure shows how the rate of cellobiose production 
changes with respect to the molar fraction of polymers in the system. 
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Figure 6.13. Rate of cellobiose formation as a function polymers molar fraction 
As it was shown in the above figures, at the beginning of the reaction there is a period in 
which the rate is fairly constant, thus it is not possible to conclude that there exists a clear 
direct relationship between initial molar fraction and rate of sugar production; however 
this conclusion has often been made in the literature. There is a clear difference between 
―initial‖ molar fraction of polymers and molar fraction of polymers during the process; 
however these terms have been used in the literature interchangeably.  
Recalling the kinetic equation for cellobiose formation, it can be seen that rate of 
cellobiose formation is a function of polymer concentration during the process. Having 
accepted this idea, it is widely observed in the literature that the molar fraction of polymers 
is treated as an independent variable. Independent variables are those whose values can be 
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controlled or selected in the experiment to determine its relationship to the dependent 
variable. 
 𝑐𝑖
𝐸𝑥𝑜𝑔𝑙𝑢𝑐𝑎𝑛𝑎𝑠𝑒
            𝑐𝑖−2 + 𝑐𝑒𝑙𝑙𝑜𝑏𝑖𝑜𝑠𝑒  
𝜕𝑐𝑁
𝜕𝑡
= −𝑘𝑐𝑁 (6.12) 
𝜕𝑐𝑁−1
𝜕𝑡
= −𝑘𝑐𝑁−1 (6.13) 
𝜕𝑐𝑖
𝜕𝑡
= 𝑘𝑐𝑖+2 − 𝑘𝑐𝑖  (6.14) 
𝜕𝑐2
𝜕𝑡
= 2𝑘𝑐4 + 𝑘𝑐3 +  𝑘𝑐𝑖
𝑁
𝑖=4
 (6.15) 
𝜕𝑐1
𝜕𝑡
= 𝑘𝑐3 (6.16) 
It can be seen in the developed exoglucanase kinetic model that the concentration of any x-
mer is a function of the difference between (x+2)-mer and x-mer. Based on the fact that 
exoglucanase has no preference for polymers with different degrees of polymerisation it 
can be concluded that the main influential factor is the initial difference between the 
concentration of polymers with different DPs. This initial difference can be represented by 
the slope of the initial size distribution diagram.  Consequently, a tighter initial size 
distribution would result in a higher rate of sugar formation.  
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It is interesting to mention that if the rate of sugar formation of x mole exoglucanase with 
y mole of cellulose with degree of polymerisation=k is α, and the rate of sugar formation of 
x mole exoglucanase with y mole of cellulose with degree of polymerisation=k‘ is α‘, then 
the rate of sugar formation of 2x mole exoglucanase with y mole of cellulose with degree 
of polymerisation=k‘ and y mole of cellulose with degree of polymerisation=k is not α+ α‘, 
because there would be an interaction between two cellulose polymers in this case. With 
this kinetic model it is even possible to find a reason for substrate inhibition in which the 
specific rate of hydrolysis is reduced by increasing the substrate concentration.  
Having established the effect of size distribution on the rate of sugar production, it is 
possible to find the reason behind the synergistic effect between endoglucanase and 
exoglucanase. It is shown in the previous section that when endoglucanase reacts with 
cellulose, a major peak of size distribution is shifted progressively towards lower DP 
positions at the beginning of the reaction and then the size distribution becomes narrow at 
lower DP positions, and finally the rate of reaction decreases dramatically at lower DP 
positions. Since exoglucanase has a greater rate of sugar production for a narrower 
distribution when combined with endoglucanase, together they show a sugar production 
rate greater than the sum of each rate. To conclude, the random action of endoglucanase 
makes the size distribution of cellulose polymers narrower therefore increasing the sugar 
formation by the action of exoglucanase, which is referred to as synergistic interaction.  
6.3.2. Universal kinetic model 
The overall goal of this section is to develop a universal kinetic model which takes into 
account all the key factors which are described in the pervious sections which be used for 
almost all cellulose-cellulase systems. Due to the unsteady and dynamic nature of the 
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reaction kinetics in an ongoing enzymatic hydrolysis of cellulose, understanding and 
modelling of this process requires several factors to be taken into account. As described in 
section two, enzymatic hydrolysis of cellulose can be divided to two broad stages, which 
are external and internal reactions. The first part of this section is devoted to the modelling 
of external reaction at the outer surface of the particles. In the second part of this section 
the focus will be on internal reaction and finally it should be noted that having the 
concentration of reducing sugars due to both internal and external reactions, the overall 
sugar concentration is a linear sum of these two concentration profiles. 
I. External reaction 
At the initial stage of the hydrolysis reaction at the outer surface, enzymes adsorb rapidly 
at the external surface of cellulose, occupying some of the sites accessible at the substrate 
surface. With the progress of reaction, the cellulose particles shrink and as a result the 
number of available sites is decreased. This will continue until no site remains unoccupied 
and the whole substrate surface is covered with the active and inactive enzyme–cellulose 
complex. This process continues until the entire substrate surface is completely covered by 
the stable inactive cellulose–enzyme and product inhibited complexes. As the result of 
such a phenomenon, even though the cellulose particles are not completely hydrolyzed 
and some active enzymes are still present in the solution, the reaction at the surface stops 
(Movagarnejad et al. 2000; Movagharnejad 2005). As mentioned earlier, an enzyme may 
follow one of the paths shown schematically in the following figures. 
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A. Assumptions 
Since in most practical cases the enzymatic hydrolysis takes place in a stirred batch 
reactor, it is reasonable to assume that the time needed for external diffusion (bulk and 
boundary layer) is negligible compared to the other stages. In addition Huang (1975) 
observed that the intensity of agitation had little effect on cellulose hydrolysis when the 
cellulose particles were completely suspended; supports our assumption.  
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The rate of adsorption or desorption of moisture by wood is controlled by two resistances, 
namely, the external resistance due to the boundary layer and the internal resistance due to 
the wood itself and the sum of the two components is called total resistance. The true 
diffusion coefficient is due to the internal resistance whereas the surface emission 
coefficient is attributed to the external component (Avramidis and Siau 1987).  
However Shi (2007) showed that, in the case of moisture absorption of wood and wood-
based products, the surface emission coefficient in the diffusion based models does not 
play the role of an external resistance due to the boundary layer, thus the surface emission 
coefficient in the diffusion based models does not appear to have an influence on the 
model prediction for the moisture absorption process and the only resistance which should 
be considered is the diffusion inside the wood particles.  
Based on the above discussion, in this study it is assumed that there is no external 
resistance for water absorption to the surface of the wood, consequently mass transfer 
considerations are only applied for the internal reaction. 
B. Model development  
The adsorption stage can be modelled based on a modified Langmuir isotherm due to the 
availability of its parameters for different systems, which are shown in table two. 
𝐶𝑎 =
𝑊𝑀𝑎𝑥 𝐾𝐶𝑓
1 + 𝑘𝐶𝑓
 (6.41) 
Where 
153 Chapter 6: Enzymatic Hydrolysis 
 
 
 
As discussed earlier in this section, adsorbed enzymes consist of both active and inactive 
complexes. 
𝐶𝑎 = 𝐶𝑎 ,𝑎𝑐𝑡𝑖𝑣𝑒 + 𝐶𝑎 ,𝑖𝑛𝑎𝑐𝑡𝑖𝑣𝑒 (6.42) 
Maximum cellulase adsorption (WMax) is proportional to the external surface area of the 
cellulosic particles, thus can be represented with the following equation. 
𝑊𝑀𝑎𝑥 = 𝐾𝑠𝑆𝐶 (6.43) 
Where 
𝐾𝑠 Constant 
𝑆 External surface 
𝐶 Concentration of cellulose 
𝐶𝑎  Concentration of adsorbed cellulase  
𝑚𝑔  𝑐𝑒𝑙𝑙𝑢𝑙𝑎𝑠𝑒
𝐿
 𝑜𝑟 
𝜇𝑚𝑜𝑙  𝑐𝑒𝑙𝑙𝑢𝑙𝑎𝑠𝑒
𝐿
  
𝑊𝑀𝑎𝑥  Maximum cellulase adsorption  
𝑚𝑔  𝑐𝑒𝑙𝑙𝑢𝑙𝑎𝑠𝑒
𝐿
 𝑜𝑟 
𝜇𝑚𝑜𝑙  𝑐𝑒𝑙𝑙𝑢𝑙𝑎𝑠𝑒
𝐿
  
𝐶𝑓  Concentration of free cellulase  
𝑚𝑔  𝑐𝑒𝑙𝑙𝑢𝑙𝑎𝑠𝑒
𝐿
 𝑜𝑟 
𝜇𝑚𝑜𝑙  𝑐𝑒𝑙𝑙𝑢𝑙𝑎𝑠𝑒
𝐿
  
𝐾 Dissociation Constant  
𝐿
𝑔
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Incorporating the above developed equations into the Langmuir isotherm results in 
equation 6.44: 
𝐶𝑎 ,𝑎𝑐𝑡𝑖𝑣𝑒 = 𝐶𝑒𝑛𝑧𝑦𝑚𝑒𝐶 =
𝐾𝐾𝑠𝑆𝐶𝐶𝑓
1 + 𝑘𝐶𝑓
𝜃 (6.44) 
Where  
𝜃 
Concentration of active complexes at the particles surface relative to that of total 
sites available 
It may be assumed that the rate of reaction is proportional to the concentration of active 
complexes. Thus by incorporating the enzyme concentration into the kinetic equations 
developed for endoglucanase and exoglucanase, the following equations can be developed 
for the action of endoglucanase and exoglucanase at the external surface of the particles. 
𝑬𝒏𝒅𝒐𝒈𝒍𝒖𝒄𝒂𝒏𝒂𝒔𝒆 
 
𝜕𝑐(𝑥, 𝑡)
𝜕𝑡
=  −(𝛼𝑥)2𝑐 𝑥, 𝑡 𝐶𝑒𝑛𝑧𝑦𝑚𝑒 + 2𝛼 𝑦𝑐 𝑦, 𝑡 𝐶𝑒𝑛𝑧𝑦𝑚𝑒 𝑑𝑦
∞
𝑥
  
(6.45) 
𝑬𝒙𝒐𝒈𝒍𝒖𝒄𝒂𝒏𝒂𝒔𝒆  
𝜕𝑐𝑁
𝜕𝑡
= −𝑘𝐶𝑒𝑛𝑧𝑦𝑚𝑒 𝑐𝑁 (6.46) 
𝜕𝑐𝑁−1
𝜕𝑡
= −𝑘𝐶𝑒𝑛𝑧𝑦𝑚𝑒 𝑐𝑁−1 (6.47) 
155 Chapter 6: Enzymatic Hydrolysis 
 
 
 
𝜕𝑐2
𝜕𝑡
= 2𝑘𝐶𝑒𝑛𝑧𝑦𝑚𝑒 𝑐4 + 𝑘𝐶𝑒𝑛𝑧𝑦𝑚𝑒 𝑐3 +  𝑘𝐶𝑒𝑛𝑧𝑦𝑚𝑒 𝑐𝑖
𝑁
𝑖=4
 (6.48) 
𝜕𝑐1
𝜕𝑡
= 𝑘𝐶𝑒𝑛𝑧𝑦𝑚𝑒 𝑐3 (6.49) 
Incorporating the adsorption model in the above developed models results in the following 
set of equations. 
𝑬𝒏𝒅𝒐𝒈𝒍𝒖𝒄𝒂𝒏𝒂𝒔𝒆  
𝜕𝑐(𝑥, 𝑡)
𝜕𝑡
=  −(𝛼𝑥)2𝑐 𝑥, 𝑡 
𝐾𝐾𝑠𝑆𝐶𝑓
1 + 𝑘𝐶𝑓
𝜃 + 2𝛼 𝑦𝑐 𝑦, 𝑡 
𝐾𝐾𝑠𝑆𝐶𝑓
1 + 𝑘𝐶𝑓
𝜃𝑑𝑦
∞
𝑥
  (6.50) 
𝑬𝒙𝒐𝒈𝒍𝒖𝒄𝒂𝒏𝒂𝒔𝒆  
𝜕𝑐𝑁
𝜕𝑡
= −𝑘
𝐾𝐾𝑠𝑆𝐶𝑓
1 + 𝑘𝐶𝑓
𝜃𝑐𝑁 
(6.51) 
𝜕𝑐𝑁−1
𝜕𝑡
= −𝑘
𝐾𝐾𝑠𝑆𝐶𝑓
1 + 𝑘𝐶𝑓
𝜃𝑐𝑁−1 
(6.52) 
𝜕𝑐2
𝜕𝑡
= 2𝑘
𝐾𝐾𝑠𝑆𝐶𝑓
1 + 𝑘𝐶𝑓
𝜃𝑐4 + 𝑘
𝐾𝐾𝑠𝑆𝐶𝑓
1 + 𝑘𝐶𝑓
𝜃𝑐3 +  𝑘
𝐾𝐾𝑠𝑆𝐶𝑓
1 + 𝑘𝐶𝑓
𝜃𝑐𝑖
𝑁
𝑖=4
 
(6.53) 
𝜕𝑐1
𝜕𝑡
= 𝑘
𝐾𝐾𝑠𝑆𝐶𝑓
1 + 𝑘𝐶𝑓
𝜃𝑐3 (6.54) 
156 Chapter 6: Enzymatic Hydrolysis 
 
 
 
If we assume that the particles has a spherical shape, then the following relationship can be 
developed for their external surface area. 
𝑉𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒
(𝑡=0)
− 𝑉𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒
𝑡=𝑡 = 𝑉𝐺𝑙𝑢𝑐𝑜𝑠𝑒
𝑡=𝑡  (6.55) 
4
3
𝜋𝑅3 −
4
3
𝜋𝑟3 =
𝜌𝐺𝑙𝑢𝑐𝑜𝑠𝑒
𝐶𝐺𝑙𝑢𝑐𝑜𝑠𝑒
𝑉𝐵𝑢𝑙𝑘  (6.56) 
𝑟 =  𝑅3 −
3𝜌𝐺𝑙𝑢𝑐𝑜𝑠𝑒
4𝜋𝐶𝐺𝑙𝑢𝑐𝑜𝑠𝑒
𝑉𝐵𝑢𝑙𝑘
3
 (6.57) 
𝑆 = 4𝜋𝑟2 = 4𝜋  𝑅3 −
3𝜌𝐺𝑙𝑢𝑐𝑜𝑠𝑒
4𝜋𝐶𝐺𝑙𝑢𝑐𝑜𝑠𝑒
𝑉𝐵𝑢𝑙𝑘  
23
 (6.58) 
It should be noted that, having the data for spherical biomass, it is possible to estimate 
these values for other shapes using the hydraulic diameter. As a result, the hydraulic 
diameter for biomass with non spherical shapes should represent the diameter of the 
surface perpendicular to the longitudinal direction of the biomass. 
Regarding the relative concentration of active complexes at the particle‘s surface to that of 
total sites available, it can be assumed that this ratio is proportional to the change in 
surface area because during the reaction the inactive cellulose-enzyme and product 
inhibited complex remain untouched and active sites are consumed, and as a result the 
particle shrinkage is only due to the consumption of active substrate (cellulose). 
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𝜃 = 𝜃0
𝑆
𝑆0
= 𝜃0  
𝑟
𝑅
 
3
= 𝜃0
𝑅3 −
3𝜌𝐺𝑙𝑢𝑐𝑜𝑠𝑒
4𝜋𝐶𝐺𝑙𝑢𝑐𝑜𝑠𝑒
𝑉𝐵𝑢𝑙𝑘
𝑅3
 
(6.59) 
With the aid of the set of equations above, now it is now possible to develop a general 
kinetic model for the action of endoglucanase and exoglucanase at the external surface of 
cellulosic particles, which are undergoing shrinkage due to the reaction. 
𝑬𝒏𝒅𝒐𝒈𝒍𝒖𝒄𝒂𝒏𝒂𝒔𝒆 
𝜕𝑐(𝑥, 𝑡)
𝜕𝑡
=
 
 
 
 
−(𝛼𝑥)2𝑐 𝑥, 𝑡 
𝐾𝐾𝑠4𝜋  𝑅3 −
3𝜌𝐺𝑙𝑢𝑐𝑜𝑠𝑒
4𝜋𝐶𝐺𝑙𝑢𝑐𝑜𝑠𝑒
𝑉𝐵𝑢𝑙𝑘  
23
𝐶𝑓
1 + 𝑘𝐶𝑓
𝜃0
𝑅3 −
3𝜌𝐺𝑙𝑢𝑐𝑜𝑠𝑒
4𝜋𝐶𝐺𝑙𝑢𝑐𝑜𝑠𝑒
𝑉𝐵𝑢𝑙𝑘
𝑅3
+ 2𝛼  𝑦𝑐 𝑦, 𝑡 
𝐾𝐾𝑠4𝜋  𝑅3 −
3𝜌𝐺𝑙𝑢𝑐𝑜𝑠𝑒
4𝜋𝐶𝐺𝑙𝑢𝑐𝑜𝑠𝑒
𝑉𝐵𝑢𝑙𝑘  
23
𝐶𝑓
1 + 𝑘𝐶𝑓
𝜃0
𝑅3 −
3𝜌𝐺𝑙𝑢𝑐𝑜𝑠𝑒
4𝜋𝐶𝐺𝑙𝑢𝑐𝑜𝑠 𝑒
𝑉𝐵𝑢𝑙𝑘
𝑅3
𝑑𝑦
∞
𝑥  
 
 
(6.60) 
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𝑬𝒙𝒐𝒈𝒍𝒖𝒄𝒂𝒏𝒂𝒔𝒆 
𝜕𝑐𝑁
𝜕𝑡
= −𝑘
𝐾𝐾𝑠4𝜋  𝑅3 −
3𝜌𝐺𝑙𝑢𝑐𝑜𝑠𝑒
4𝜋𝐶𝐺𝑙𝑢𝑐𝑜𝑠𝑒
𝑉𝐵𝑢𝑙𝑘  
23
𝐶𝑓
1 + 𝑘𝐶𝑓
𝜃0
𝑅3 −
3𝜌𝐺𝑙𝑢𝑐𝑜𝑠𝑒
4𝜋𝐶𝐺𝑙𝑢𝑐𝑜𝑠𝑒
𝑉𝐵𝑢𝑙𝑘
𝑅3
𝑐𝑁 
(6.61) 
𝜕𝑐𝑁−1
𝜕𝑡
= −𝑘
𝐾𝐾𝑠4𝜋  𝑅3 −
3𝜌𝐺𝑙𝑢𝑐𝑜𝑠𝑒
4𝜋𝐶𝐺𝑙𝑢𝑐𝑜𝑠𝑒
𝑉𝐵𝑢𝑙𝑘  
23
𝐶𝑓
1 + 𝑘𝐶𝑓
𝜃0
𝑅3 −
3𝜌𝐺𝑙𝑢𝑐𝑜𝑠𝑒
4𝜋𝐶𝐺𝑙𝑢𝑐𝑜𝑠𝑒
𝑉𝐵𝑢𝑙𝑘
𝑅3
𝑐𝑁−1 
(6.62) 
𝜕𝑐𝑖
𝜕𝑡
= −𝑘
𝐾𝐾𝑠4𝜋  𝑅3 −
3𝜌𝐺𝑙𝑢𝑐𝑜𝑠𝑒
4𝜋𝐶𝐺𝑙𝑢𝑐𝑜𝑠𝑒
𝑉𝐵𝑢𝑙𝑘  
23
𝐶𝑓
1 + 𝑘𝐶𝑓
𝜃0
𝑅3 −
3𝜌𝐺𝑙𝑢𝑐𝑜𝑠𝑒
4𝜋𝐶𝐺𝑙𝑢𝑐𝑜𝑠𝑒
𝑉𝐵𝑢𝑙𝑘
𝑅3
(𝑐𝑖+2 − 𝑐𝑖) 
(6.63) 
𝜕𝑐2
𝜕𝑡
= 2𝑘
𝐾𝐾𝑠4𝜋  𝑅3 −
3𝜌𝐺𝑙𝑢𝑐𝑜𝑠𝑒
4𝜋𝐶𝐺𝑙𝑢𝑐𝑜𝑠𝑒
𝑉𝐵𝑢𝑙𝑘  
23
𝐶𝑓
1 + 𝑘𝐶𝑓
𝜃0
𝑅3 −
3𝜌𝐺𝑙𝑢𝑐𝑜𝑠𝑒
4𝜋𝐶𝐺𝑙𝑢𝑐𝑜𝑠𝑒
𝑉𝐵𝑢𝑙𝑘
𝑅3
𝑐4
+ 𝑘
𝐾𝐾𝑠4𝜋  𝑅3 −
3𝜌𝐺𝑙𝑢𝑐𝑜𝑠𝑒
4𝜋𝐶𝐺𝑙𝑢𝑐𝑜𝑠𝑒
𝑉𝐵𝑢𝑙𝑘  
23
𝐶𝑓
1 + 𝑘𝐶𝑓
𝜃0
𝑅3 −
3𝜌𝐺𝑙𝑢𝑐𝑜𝑠𝑒
4𝜋𝐶𝐺𝑙𝑢𝑐𝑜𝑠𝑒
𝑉𝐵𝑢𝑙𝑘
𝑅3
𝑐3
+  𝑘
𝐾𝐾𝑠4𝜋  𝑅3 −
3𝜌𝐺𝑙𝑢𝑐𝑜𝑠𝑒
4𝜋𝐶𝐺𝑙𝑢𝑐𝑜𝑠𝑒
𝑉𝐵𝑢𝑙𝑘  
23
𝐶𝑓
1 + 𝑘𝐶𝑓
𝜃0
𝑅3 −
3𝜌𝐺𝑙𝑢𝑐𝑜𝑠𝑒
4𝜋𝐶𝐺𝑙𝑢𝑐𝑜𝑠𝑒
𝑉𝐵𝑢𝑙𝑘
𝑅3
𝑐𝑖
𝑁
𝑖=4
 
(6.64) 
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𝜕𝑐1
𝜕𝑡
= 𝑘
𝐾𝐾𝑠4𝜋  𝑅3 −
3𝜌𝐺𝑙𝑢𝑐𝑜𝑠𝑒
4𝜋𝐶𝐺𝑙𝑢𝑐𝑜𝑠𝑒
𝑉𝐵𝑢𝑙𝑘  
23
𝐶𝑓
1 + 𝑘𝐶𝑓
𝜃0
𝑅3 −
3𝜌𝐺𝑙𝑢𝑐𝑜𝑠𝑒
4𝜋𝐶𝐺𝑙𝑢𝑐𝑜𝑠𝑒
𝑉𝐵𝑢𝑙𝑘
𝑅3
𝑐3 
(6.65) 
The developed model offers a comprehensive insight into the process of external hydrolysis 
of cellulosic particles with endoglucanase and exoglucanase. This model takes into 
account the presence of inactive material and enzyme deactivation/inhibition as well as 
the dynamic change in the structure of substrate. 
Although the model is a comprehensive representation of the system, the number of 
unknown parameters in these equations implies the importance of designing careful 
experiments, which would enable the process of parameter estimation to make most out of 
the developed models. It should be noted that despite the numbers of parameters in the 
developed model, by just three sets of carefully designed experiments it would be possible 
to estimate the value of all the parameters in the model. These experiments involve 
measuring the followings: 
1. Concentration of adsorbed enzyme 
2. Total reducing sugar concentration 
3. Initial DP 
Determining the parameters in the model will make it possible to perform a sensitivity 
analysis, which will help to find the limiting factors in the process (process bottlenecks) 
and finally will pave the way for optimising the whole process.  
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II. Internal reaction 
Progression of the hydrolysis process after the initial phase of fast reaction at the external 
surface depends on further enzyme penetration and diffusion into the solid substrate as it 
undergoes structural change while the first layer of cellulose is hydrolysed. 
The reaction-diffusion system in cellulosic particles has been extensively studied by the 
authors elsewhere (Hosseini and Shah 2009a; Hosseini and Shah 2009b). In this section 
the focus will be on developing a reaction-diffusion model for enzymatic hydrolysis of 
cellulosic material based on the previously developed model for different kind of 
enzymatic reaction systems inside the cellulosic particles. 
A. Assumptions 
There is much discussion concerning the driving force for diffusion of water in wood and 
different potentials, such as vapour pressure and moisture content have been employed in 
the literature (Hunter 1993). However it was shown that for isothermal conditions, any 
driving force is valid as long as an appropriate diffusion coefficient is employed (Avramidis 
and Siau 1987). In this study water concentration is used as the driving force of diffusion. 
Regarding the different directions of diffusion in wood, Fotsing and Tchagang (2005) 
showed that longitudinal diffusion is more important than radial diffusion and tangential 
diffusion; they thought it is due to the cellular cavities that form obstacles for the water 
molecules diffusing in wood. In addition they showed that longitudinal diffusion is 10 to 
15 times faster than transverse diffusion (radial and tangential). Accordingly in this study it 
is assumed that diffusion only takes place in one direction.  
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Once again it should be noted that, having the data for spherical biomass, it is possible to 
estimate these values for other shapes using the hydraulic diameter. As a result the 
hydraulic diameter for biomass with non spherical shapes should represent the diameter of 
the surface perpendicular to the longitudinal direction of the biomass. 
B. Model development 
The unsteady state water diffusion in the direction perpendicular to the surface of a wood 
particle can be expressed by Fick‘s second law: 
∂C
∂t
=
∂
∂x
 D
∂C
∂x
  (6.66) 
Where C is the water concentration, t is time, x is the distance from the external surface, 
and D is the diffusion coefficient. Regarding the initial and boundary conditions, here it is 
assumed that, initially the concentration of water is zero inside the wood particle and 
water is always present at the surface (due to negligible external mass transfer resistance 
and surface emission coefficient). Finally an initial condition must be introduced in order 
to be able to solve the model; in this model it is assumed that at any point in infinity the 
concentration is always zero. The mathematical representation of initial and boundary 
conditions are as follows: 
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Figure 14. Schematic representation of wood particle 
t=0, 0<x<R  C=0 (6.67) 
x=0  C t =1 (6.68) 
X=∞  C t =0 (6.69) 
Although the diffusion of the enzyme in water can be modelled by Fick‘s second law, it 
should be noted that the since enzymes are diffusing into the woody particle, which is a 
porous medium, the diffusion coefficient should be replaced by the effective diffusion 
coefficient for porous media, as described earlier (Weissberg, 1963). 
𝐸𝐷 =
Ф𝐷
1 − 0.5𝐿𝑛Ф
 (6.70) 
During the internal reaction, enzyme diffuses into the porous media then adsorbs to the 
internal surface of the particle and promotes the start of hydrolysis reaction. The 
adsorption and reaction stage have a form similar to the model developed for reaction at 
external surface of the particles. Although the internal surface area of porous particles is 
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not easily measurable, in general it is reported that the internal surface area of cellulose is 
1–2 orders higher than the external surface area (Chang et al., 1981). Thus it is assumed 
here that the internal surface area of cellulose is directly proportional to its external surface 
area (SInternal=β.SExternal).  
Consequently, coupling the equations in a similar way to what was developed for the 
action of endoglucanase and exoglucanase at the external surface by sets of equations 
considering the spatial concentration of enzyme would enable us to develop a model for 
the enzymatic hydrolysis of cellulose at internal pores in particles.  
 
𝐄𝐧𝐝𝐨𝐠𝐥𝐮𝐜𝐚𝐧𝐚𝐬𝐞 
 
30 < 𝑥 < 𝑁 
𝜕𝑐(𝑥, 𝑡)
𝜕𝑡
=
 
 
 
 
−(𝛼𝑥)2𝑐 𝑥, 𝑡 
β𝐾𝐾𝑠4𝜋  𝑅3 −
3𝜌𝐺𝑙𝑢𝑐𝑜𝑠𝑒
4𝜋𝐶𝐺𝑙𝑢𝑐𝑜𝑠𝑒
𝑉𝐵𝑢𝑙𝑘  
23
𝐶𝑓
1 + 𝑘𝐶𝑓
𝜃0
𝑅3 −
3𝜌𝐺𝑙𝑢𝑐𝑜𝑠𝑒
4𝜋𝐶𝐺𝑙𝑢𝑐𝑜𝑠𝑒
𝑉𝐵𝑢𝑙𝑘
𝑅3
+ 2𝛼 𝑦𝑐 𝑦, 𝑡 
β𝐾𝐾𝑠4𝜋  𝑅3 −
3𝜌𝐺𝑙𝑢𝑐𝑜𝑠𝑒
4𝜋𝐶𝐺𝑙𝑢𝑐𝑜𝑠𝑒
𝑉𝐵𝑢𝑙𝑘  
23
𝐶𝑓
1 + 𝑘𝐶𝑓
𝜃0
𝑅3 −
3𝜌𝐺𝑙𝑢𝑐𝑜𝑠𝑒
4𝜋𝐶𝐺𝑙𝑢𝑐𝑜𝑠𝑒
𝑉𝐵𝑢𝑙𝑘
𝑅3
𝑑𝑦
∞
𝑥  
 
 
 
 
(6.71) 
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𝑥 < 30 
𝜕𝑐(𝑥, 𝑡)
𝜕𝑡
=
 
 
 
 
−(𝛼𝑥)2𝑐 𝑥, 𝑡 
β𝐾𝐾𝑠4𝜋  𝑅3 −
3𝜌𝐺𝑙𝑢𝑐𝑜𝑠𝑒
4𝜋𝐶𝐺𝑙𝑢𝑐𝑜𝑠𝑒
𝑉𝐵𝑢𝑙𝑘  
23
𝐶𝑓
1 + 𝑘𝐶𝑓
𝜃0
𝑅3 −
3𝜌𝐺𝑙𝑢𝑐𝑜𝑠𝑒
4𝜋𝐶𝐺𝑙𝑢𝑐𝑜𝑠𝑒
𝑉𝐵𝑢𝑙𝑘
𝑅3
+ 2𝛼 𝑦𝑐 𝑦, 𝑡 
β𝐾𝐾𝑠4𝜋  𝑅3 −
3𝜌𝐺𝑙𝑢𝑐𝑜𝑠𝑒
4𝜋𝐶𝐺𝑙𝑢𝑐𝑜𝑠𝑒
𝑉𝐵𝑢𝑙𝑘  
23
𝐶𝑓
1 + 𝑘𝐶𝑓
𝜃0
𝑅3 −
3𝜌𝐺𝑙𝑢𝑐𝑜𝑠𝑒
4𝜋𝐶𝐺𝑙𝑢𝑐𝑜𝑠𝑒
𝑉𝐵𝑢𝑙𝑘
𝑅3
𝑑𝑦
∞
𝑥  
 
−
∂
∂r
 Dx/W
∂C𝑥
∂r
  
(6.72) 
∂𝐶𝑓
∂t
=
∂
∂r
 
ФD
1-0.5LnФ
∂𝐶𝑓
∂r
  (6.73) 
 
𝐄𝐱𝐨𝐠𝐥𝐮𝐜𝐚𝐧𝐚𝐬𝐞 
𝜕𝑐𝑁
𝜕𝑡
= −𝑘
β𝐾𝐾𝑠4𝜋  𝑅3 −
3𝜌𝐺𝑙𝑢𝑐𝑜𝑠𝑒
4𝜋𝐶𝐺𝑙𝑢𝑐𝑜𝑠𝑒
𝑉𝐵𝑢𝑙𝑘  
23
𝐶𝑓
1 + 𝑘𝐶𝑓
𝜃0
𝑅3 −
3𝜌𝐺𝑙𝑢𝑐𝑜𝑠𝑒
4𝜋𝐶𝐺𝑙𝑢𝑐𝑜𝑠𝑒
𝑉𝐵𝑢𝑙𝑘
𝑅3
𝑐𝑁  
(6.74) 
𝜕𝑐𝑁−1
𝜕𝑡
= −𝑘
β𝐾𝐾𝑠4𝜋  𝑅3 −
3𝜌𝐺𝑙𝑢𝑐𝑜𝑠𝑒
4𝜋𝐶𝐺𝑙𝑢𝑐𝑜𝑠𝑒
𝑉𝐵𝑢𝑙𝑘  
23
𝐶𝑓
1 + 𝑘𝐶𝑓
𝜃0
𝑅3 −
3𝜌𝐺𝑙𝑢𝑐𝑜𝑠𝑒
4𝜋𝐶𝐺𝑙𝑢𝑐𝑜𝑠𝑒
𝑉𝐵𝑢𝑙𝑘
𝑅3
𝑐𝑁−1 
(6.75) 
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𝜕𝑐𝑖
𝜕𝑡
= −𝑘
β𝐾𝐾𝑠4𝜋  𝑅3 −
3𝜌
𝐺𝑙𝑢𝑐𝑜𝑠𝑒
4𝜋𝐶𝐺𝑙𝑢𝑐𝑜𝑠𝑒
𝑉𝐵𝑢𝑙𝑘 
2
3
𝐶𝑓
1 + 𝑘𝐶𝑓
𝜃0
𝑅3 −
3𝜌
𝐺𝑙𝑢𝑐𝑜𝑠𝑒
4𝜋𝐶𝐺𝑙𝑢𝑐𝑜𝑠𝑒
𝑉𝐵𝑢𝑙𝑘
𝑅3
(𝑐𝑖+2 − 𝑐𝑖) 
(6.76) 
𝜕𝑐2
𝜕𝑡
= 2𝑘
β𝐾𝐾𝑠4𝜋  𝑅3 −
3𝜌𝐺𝑙𝑢𝑐𝑜𝑠𝑒
4𝜋𝐶𝐺𝑙𝑢𝑐𝑜𝑠𝑒
𝑉𝐵𝑢𝑙𝑘  
23
𝐶𝑓
1 + 𝑘𝐶𝑓
𝜃0
𝑅3 −
3𝜌𝐺𝑙𝑢𝑐𝑜𝑠𝑒
4𝜋𝐶𝐺𝑙𝑢𝑐𝑜𝑠𝑒
𝑉𝐵𝑢𝑙𝑘
𝑅3
𝑐4
+ 𝑘
β𝐾𝐾𝑠4𝜋  𝑅3 −
3𝜌𝐺𝑙𝑢𝑐𝑜𝑠𝑒
4𝜋𝐶𝐺𝑙𝑢𝑐𝑜𝑠𝑒
𝑉𝐵𝑢𝑙𝑘  
23
𝐶𝑓
1 + 𝑘𝐶𝑓
𝜃0
𝑅3 −
3𝜌𝐺𝑙𝑢𝑐𝑜𝑠𝑒
4𝜋𝐶𝐺𝑙𝑢𝑐𝑜𝑠𝑒
𝑉𝐵𝑢𝑙𝑘
𝑅3
𝑐3
+  𝑘
β𝐾𝐾𝑠4𝜋  𝑅3 −
3𝜌𝐺𝑙𝑢𝑐𝑜𝑠𝑒
4𝜋𝐶𝐺𝑙𝑢𝑐𝑜𝑠𝑒
𝑉𝐵𝑢𝑙𝑘  
23
𝐶𝑓
1 + 𝑘𝐶𝑓
𝜃0
𝑅3 −
3𝜌𝐺𝑙𝑢𝑐𝑜𝑠𝑒
4𝜋𝐶𝐺𝑙𝑢𝑐𝑜𝑠𝑒
𝑉𝐵𝑢𝑙𝑘
𝑅3
𝑐𝑖
𝑁
𝑖=4
−
∂
∂r
 D2/W
∂C2
∂r
  
(6.77) 
𝜕𝑐1
𝜕𝑡
= 𝑘
β𝐾𝐾𝑠4𝜋  𝑅3 −
3𝜌𝐺𝑙𝑢𝑐𝑜𝑠𝑒
4𝜋𝐶𝐺𝑙𝑢𝑐𝑜𝑠𝑒
𝑉𝐵𝑢𝑙𝑘  
23
𝐶𝑓
1 + 𝑘𝐶𝑓
𝜃0
𝑅3 −
3𝜌𝐺𝑙𝑢𝑐𝑜𝑠𝑒
4𝜋𝐶𝐺𝑙𝑢𝑐𝑜𝑠𝑒
𝑉𝐵𝑢𝑙𝑘
𝑅3
𝑐3 
(6.78) 
∂𝐶𝑓
∂t
=
∂
∂r
 
ФD
1-0.5LnФ
∂𝐶𝑓
∂r
  (6.79) 
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It should be noted that since the reaction for long cellulose chains occurs in the solid 
phase, no diffusion terms exist in the mathematical representation, however as DP<30 as 
soon as the oligomers are produced, diffusion towards the bulk of liquid starts to take 
place, which is considered by adding a diffusion term the corresponding oligomers models.  
C. Experiment Design 
Model-based experimentation is a class of techniques that use detailed mathematical 
models of the experimental process as a means of analyzing experimental data (for 
example, fitting of kinetic parameters), for validating models, and for optimising the design 
of the experiments themselves. The physical understanding gained by these experiments 
typically forms the basis for downstream model-based activities such as optimisation of 
process design and operation. All of these require validated models capable of describing 
process behavior accurately over a wide range of conditions.  
The developed model for the action of endo- and exoglucanase at both internal and 
external surfaces involves number of parameters. However it should be noted that despite 
the numbers of parameters in the developed model, by just three sets of carefully designed 
experiments it is possible to estimate the value of all the parameters in the model. For 
more clarification, it is worth repeating that the following two terms which appeared in the 
models so frequently, simply represents the concentration of adsorbed cellulase and 
concentration of active complexes at surface relative to total available sites. 
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These experiments involve measuring the following: 
1. Concentration of adsorbed enzyme 
2. Total reducing sugar concentration 
3. Initial cellulose degree of polymerization  
The following experimental procedures are typical methods used widely in the literature to 
determine the value of the above mentioned parameters. 
Concentration of adsorbed enzyme 
It is usually easier to calculate the amount of enzyme in the liquid phase rather than the 
solid phase. As a result, one practical approach would be determining the concentration of 
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protein in liquid phase by Bradford colorimetric assay using bovine serum albumin as a 
standard (Kurakake et al. 1995) and then calculating the concentration of adsorbed 
enzyme by differentiating. 
Reducing Sugar Estimation  
The following procedure has been recommended by International Union of Pure and 
Applied Chemistry as an standard for measuring the concentration of reducing sugar 
resulting from the action of cellulase on cellulose (Ghose 1987): 
DNS Reagent 
Mix:   
 Distilled Water 1416 ml 
 3,5-Dinitrosalicylic acid 10.6 g 
 NaOH 19.8 g 
Dissolve above, and then add: 
 Rochelle salts (Na-K tartarate) 306 g 
 Phenol (melt at 50°C) 7.6 ml 
 Na metabisulfite 8.3 g 
 Titrate 3 ml sample with phenolpthalém with 0.1 N HC1. Should 
take 5-6 ml HC1. Add NaOH if required (2 g = 1 ml 0.1 N HC1). 
Glucose Standards:  
 0.2— 5.0 mg of glucose per ml or per 0.5 ml as appropriate. 
Procedure: Place 1-2 ml sample in a test tube and add 3 ml DNS Reagent. Place in boiling 
water for 5 minutes. Cool to room temperature. Dilute samples if necessary so that light 
transmittance in the colorimeter will be between 3% and 80%. Include glucose standard 
made up and diluted like samples. Read % transmittance at 540 nm with a water blank for 
100% T. Plot the standards on semi-log paper (log % T versus concentration). This should 
give a straight line intersecting abscissa at 0.04 mg of glucose. The 0.04 mg represents the 
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glucose lost by oxidation. For accurate determination of low concentration of glucose add 
0.1 mg of glucose to each sample. Three ml of DNS Reagent will react with about 10 mg 
of glucose. Therefore concentrated sugar solutions should be diluted so that samples for 
analysis will contain 5 mg of reducing sugar or less (Ghose 1987). 
Initial Degree of Polymerization 
A simple method to measure the degree of cellulose polymerization is based on 
measurement of cellulose viscosity by the nitration method. The nitration method is based 
on conversion of the cellulose sample into cellulose nitrate by a nitration step which does 
not appreciably degrade the cellulose, measurement of the viscosity of a dilute ethyl 
acetate solution of the nitrate, and calculation of the average chain length with following 
equation (Alexander and Mitchell 1949): 
𝐷𝑃 = 𝐾[𝜂] 
 𝜂 =
𝐾𝑆𝑃/𝐶
1 + 𝐾′𝜂𝑆𝑃
 
𝜂𝑆𝑃 = 𝜂𝑟 − 1 
𝜂𝑟 =
𝑉𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦 𝑜𝑓 𝑆𝑜𝑙𝑢𝑡𝑖𝑜𝑛
𝑉𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦 𝑜𝑓 𝑆𝑜𝑙𝑣𝑒𝑛𝑡
 
𝐾 = 75; 𝐾′ = 0.35 
𝐶: 𝑔𝑟𝑎𝑚𝑠 𝑜𝑓 𝑛𝑖𝑡𝑟𝑎𝑡𝑒 𝑝𝑒𝑟 100𝑚𝑙𝑖𝑡 𝑜𝑓 𝑠𝑜𝑙𝑣𝑒𝑛𝑡 
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6.4. Concluding Remarks 
In this chapter a population balance based kinetic model for the action of endoglucanase 
and exoglucanase has been developed. One important feature in our proposed model is a 
new approach to consider the evolution of cellulose chain length during the hydrolytic 
reaction by employing a population balance model. In addition, a new mechanism for 
hydrolysis of cellulose is proposed in which bond breakage is a function of position in the 
chain as well as the susceptibility to enzymatic attack. The models predictions are very 
close to the experimental results presented by Kurakake et al. (1995) and Hoshino et al. 
(1993). 
Having established the models for the action of endo- and exoglucanase, a universal model 
for the cellulose hydrolysis at the surface and inside the particle have been developed. 
Having a couple of unknown parameters in the universal models, an experimental 
procedure to find the parameters in the holistic model has been proposed. Next chapter is 
focused on analysing the overall mass and energy balances of the biorefining process. 
 
 
 Chapter 7 
Mass and Energy Balance 
7.1. Introduction 
The most commonly described process steps for ethanol production at industrial scale from 
lignocellulosic feedstock are the following (Balat et al, 2008): 
 Feedstock storage 
 Size reduction  
 Dilute acid pretreatment 
 Detoxification 
 Saccharification 
 Fermentation 
 Distillation and azeotropic separation 
However, in order to increase the economic and environmental efficiency of the whole plant, 
it is widely accepted that waste water treatment and combined heat and power units should 
be installed as well. Based on these considerations, an overview of the general process is 
shown in the following figure. 
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In the remaining part of this chapter, the focus will be on modelling the material and energy 
balance of each process step and ultimately evaluating the whole process.  
 
Figure 7.1. Overview of the general process for bioethanol production 
7.2. Size reduction 
In the chemical industry, size reduction or comminution is usually carried out in order to 
increase the surface area. Increasing the surface area is favourable because in most reactions 
involving solid particles, the rate of reaction is directly proportional to the area of contact 
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with a second phase. In addition to the surface reaction, in all the hydrothermal pretreatment 
methods, internal reaction takes place. During the course of internal reaction, water has to 
penetrate the particles to gain access to the more remote part of the feedstock. Consequently, 
size reduction of feedstock increases the rates of both internal and surface reaction (Mosier et 
al. 2005). 
On the other hand, it should be noted that size reduction is a very energy demanding process, 
thus using the wood chips of optimum size is of great importance. The possible effects of size 
reduction on the energy efficiency of the plant and a possible approach to find the optimum 
chip size have been extensively studied in chapter two. 
According to Coulson and Richardson’s “Handbook of Chemical Engineering”, the 
following five equipment types can be employed for reducing the size of woody particles 
down to the size usually required for pretreatment (Sinnott, Coulson, and Richardson 2005). 
1. Cone Crusher 
2. Roll Crusher 
3. Edge Runner Mills 
4. Autogenous Mills 
5. Impact Breakers 
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Figure 7.2. Selection of comminution equipment (Sinnott, Coulson, and Richardson 2005) 
In order to choose one of the above mentioned equipment types, several factors should be 
taken into consideration. It is widely accepted in the literature that the following seven general 
criteria are the most important factors in choosing the best comminution technology (Perry 
and Green 2007; Sinnott, Coulson, and Richardson 2005). 
1. The size of the feed. 
2. The size reduction ratio. 
3. The required particle size distribution of the product. 
4. The throughput. 
5. The properties of the material: hardness, abrasiveness, stickiness, density, toxicity. 
6. Flammability. 
7. Whether wet grinding is permissible.  
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Although equipment selection is one of the most important steps in designing any chemical 
plant, the differences between equipment types are mainly due to variation of operational and 
capital cost. However, at this stage the main focus of this work is to analyze the feasibility of 
bioconversion methods and determining which technology consumes the least energy to 
produce one unit of ethanol. Afterwards it would be possible to consider the financial aspect 
of different feasible technologies to choose the best process configuration for the plant. 
Regarding energy consumption, size reduction is a very inefficient process and only between 
0.1 and 2.0 per cent of the energy supplied to the machine appears as increased surface energy 
in the solids (Perry and Green 2007). The energy required to effect size reduction is related to 
the internal structure of the material; this process consists of two parts: 
1. Opening up any small fissures which are already present 
2. Forming new surface. 
 All large lumps of material contain cracks and size reduction occurs as a result of crack 
propagation that occurs above a critical parameter, F, where (Sinnott, Coulson, and 
Richardson 2005): 
𝐹 =
𝜏2𝛼
𝑌
 7.1 
Where 
α Crack length 
𝜏 Stress 
Y Young’s modulus 
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The exact mechanism by which fracture occurs is not known, even though it is suggested by 
Piret (1953) that the compressive force produces small flaws in the material. If the energy 
concentration exceeds a certain critical value, these flaws will grow quickly and will generally 
branch, and the particles will break up. The probability of fracture of a particle in an assembly 
of particles increases with the number of contact points, up to a number of around ten, 
although the probability then decreases for further increase in number. The rate of application 
of the force is important because there is generally a time lag between attainment of 
maximum load and fracture. Thus, a rather smaller force will cause fracture, provided it is 
maintained for a sufficient time (Sinnott, Coulson, and Richardson 2005). 
Although it is impossible to accurately estimate the amount of energy required in order to 
effect a size reduction of a given material, a number of empirical laws have been proposed; 
among them the following three are the most popular. 
1 − 𝑅𝑖𝑡𝑡𝑖𝑛𝑔𝑒𝑟′𝑠 𝐿𝑎𝑤 
𝐸 = 𝐾𝑅𝑓𝐶  
1
𝐿1
−
1
𝐿2
  7.2 
Where 
𝐾𝑅  Rittinger’s Constant 
𝑓𝐶  Crushing Strength 
𝐿1, 𝐿2 Final and initial length 
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In a view of the fact that the surface area of unit mass of material is proportional to 1/L, 
Rittinger’s law suggests that the energy required for size reduction is directly proportional to 
the increase in surface area (Walker and Shaw 1955). 
2 − 𝐾𝑖𝑐𝑘′𝑠 𝐿𝑎𝑤 
𝐸 = 𝐾𝑘𝑓𝐶𝑙𝑛
𝐿1
𝐿2
 7.3 
Where  
𝐾𝑘  Kick’s Constant 
𝑓𝐶  Crushing Strength 
𝐿1, 𝐿2 Final and initial length 
Kick’s law assumes that the energy required for size reduction is directly proportional to the 
size reduction ratio (L1/L2). This implies that the energy required to crush a given amount of 
material from size x to an x/2 is the same as the energy required for reducing the size from 
x/2 to x/4 (Gates, 1915). 
Although the above mentioned models offer a fairly simple approach to calculate the energy 
requirement for grinding, Sinnott et al. (2005) suggest that neither of these two laws allows an 
accurate calculation of the energy requirements. In addition they suggested that Rittinger’s 
law is valid mainly for that part of the process where new surface area is being created and 
holds most accurately for fine grinding where the increase in surface per unit mass of material 
is large. In addition, Kick’s law more closely relates to the energy required to effect elastic 
deformation before fracture occurs, and is more accurate than Rittinger’s law for coarse 
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crushing where the amount of surface area produced is low compared to size reduction ratio 
(Sinnott, Coulson, and Richardson 2005). 
Bond’s law is an intermediate between Rittinger’s and Kick’s law in which, “work index” is 
the amount of energy required to reduce a unit mass of material from an infinite particle size 
to a size of 100 µm, that is q =∞. It should be added that the size of material is taken as the 
size of the square hole through which 80 per cent of the material will pass (Perry and Green 
2007; Sinnott, Coulson, and Richardson 2005). 
𝐵𝑜𝑛𝑑′𝑠 𝐿𝑎𝑤 
𝐸 = 10𝐸𝑖  
1
𝐿2
  1 −
1
 𝑞
  7.4 
Where 
𝐸𝑖  Work Index 
𝑞 Reduction Ration(L1/L2) 
𝐿1, 𝐿2 Final and initial length 
Mani et al. (2004) reported the specific energy to grind different feedstock as a function of 
monitor size with two different moisture contents. Using the constant variance parameter 
estimation method in gPROMS modelling package (http://www.psenterprise.com/gproms/) 
the above mentioned three models were fitted with the data reported by Mani et al. (2004). 
The only model which showed a good correlation with experimental data is Kick’s model. 
The data and the figure below show a summary of the results. 
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Moisture 
content 
Geometric 
mean chop 
size 
Hammer mill 
screen 
opening 
Average specific 
energy 
consumption 
Compression 
Ratio 
Kick's 
Average 
Work Index  
C (% wb) (mm) (mm) (kWht
-1
)   
Wheat straw 
8.3 7.67 0.8 51.55 9.5875 
22.57 
8.3 7.67 1.6 37.01 4.79375 
8.3 7.67 3.2 11.36 2.396875 
12.1 7.67 0.8 45.32 9.5875 
12.1 7.67 1.6 43.56 4.79375 
12.1 7.67 3.2 24.66 2.396875 
Barley Straw 
6.9 20.52 0.8 53 25.65 
15.99 
6.9 20.52 1.6 37.91 12.825 
6.9 20.52 3.2 13.97 6.4125 
12 20.52 0.8 99.49 25.65 
12 20.52 1.6 27.09 12.825 
12 20.52 3.2 N/A 6.4125 
Corn Stover 
6.2 12.48 0.8 22.07 15.6 
8.43 
6.2 12.48 1.6 14.79 7.8 
6.2 12.48 3.2 6.96 3.9 
12 12.48 0.8 34.3 15.6 
12 12.48 1.6 19.84 7.8 
12 12.48 3.2 11.04 3.9 
Switchgrass 
8 7.15 0.8 62.55 8.9375 
32.03 
8 7.15 1.6 51.76 4.46875 
8 7.15 3.2 23.84 2.234375 
12 7.15 0.8 56.57 8.9375 
12 7.15 1.6 58.74 4.46875 
12 7.15 3.2 27.63 2.234375 
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Figure 7.3. Energy consumption for grinding wheat straw (moisture content=8.3%), Barley straw (moisture 
content=6.9%), Corn stover (moisture content = 6.2%) and Switchgrass (moisture content=8.0%). 
It can be concluded that the net energy required for size reduction can be calculated from 
Kick’s law by knowing the initial size of the feedstock as well as the required size after 
grinding; consequently the energy consumption per unit mass of feedstock is as follows: 
𝐸 = 𝐶𝑙𝑛
𝐿1
𝐿2
 
7.5 
Where  
𝐶 Constant 
𝐿1 , 𝐿2 Final and initial size of feedstock 
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7.3. Pretreatment 
Pretreatment has been viewed as one of the most expensive processing steps in cellulosic 
biomass-to-fermentable sugars conversion, with costs as high as US$0.30/gallon of ethanol 
produced (Mosier et al., 2005). The energy requirements for particle size reduction can be 
significant. The objective of pretreatment is to alter the structure of biomass in order to make 
the cellulose and hemicelluloses more accessible to hydrolytic enzymes that can generate 
fermentable sugars (Han et al, 2007).  
Although numerous pretreatment methods such as steam explosion, lime pretreatment, 
Ammonia Fibre Explosion (AFEX) and organic solvent pretreatment are extensively studied 
in the literature, acid pretreatment is still the choice of several model processes (Galbe and 
Zacchi 1993; Galbe et al. 1997; Mosier et al, 2005; National Renewable Energy Laboratory, 
2002).  
Acid hydrolysis releases oligomers and monosaccharides and has mainly been modelled 
kinetically for hemicellulose hydrolysis to oligomers followed by their breakdown to sugars 
where the sugars can be further degraded to furfural (Kim and Lee, 1984; Maloney et al, 
1985; Bhandari et al, 1984).  
It is assumed here that for modelling purposes, acid pretreatment can be divided into the 
following sub-processes: 
1. Diffusion of water and acid inside the wood 
2. Hydrolysis of hemicellulose sugars inside the woody particles 
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3. Diffusion of soluble sugars (reaction products) out of the woody particles in aqueous 
media 
4. Mixing and bulk diffusion of soluble sugars in the pretreatment unit e.g. column 
 
 
 
 
 
The severity of the hydrothermal pretreatment processes is often described by a severity factor 
or modified severity factor, shown in equation (7.6) as R. The severity factor represents the 
interrelationship of time, temperature, and acid concentration (Garrote et al., 1999).  
𝑅 =  𝑡.  𝑒
𝑇−100
14.7 . 10−𝑝𝐻  7.6 
Although the severity factor enables an easy comparison of experimental results to facilitate 
process design and operation, it is not representative of all the factors affecting the efficiency 
of pretreatment, such as chip size, because processes with the same temperature, residence 
time, and pH will not have the same effect on chips with different sizes. As a result, in this 
work a modified form of severity factor which was previously developed in chapter three is 
employed; this takes the size of feedstock into account.   
a                            b         c 
Figure 7.4 a) Diffusion of water into the chips, b) reaction, c) diffusion of solubilised sugar out of chips 
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𝑅 =
𝑡
𝜌𝑟2(1 − 0.5𝐿𝑛Ф)
2𝑀Ф𝐷∆𝐶
. 𝑒
𝑇 − 100
14.75 . 10−𝑃𝐻  7.7 
Due to the lack of a generally accepted protocol for dilute acid pretreatment of different 
feedstocks, here we used the procedure which is employed by NREL (National Renewable 
Energy Laboratory, June 2002).  
7.3.1. Process description 
In this process the washed, shredded corn stover (maximum size=1.5 inches) is fed to the 
presteamer and steamed with low-pressure steam about 100°C. This steam allows about one-
third of the total pretreatment reaction heat requirement to be satisfied by low-pressure steam. 
Then corn stover is then fed to the pretreatment reactor, which operates at 12.1 atm and 
190°C. The reactor is brought up to the desired temperature by direct injection of superheated 
steam (13 atm, 268°C). After the stover is steamed, acid is added to the reactor, whereby 
concentrated sulphuric acid is diluted with evaporator condensate until the mixture (the total 
water, including steam and acid) in the reactor is 1.1% (w/w) sulphuric acid (Aden et al. 
2002).  
The effluent from the pretreatment reactor is flash cooled to 1 atm in a blowdown tank. After 
a residence time of 15 minutes in the flash tank, the hydrolyzate slurry with 21% insoluble 
solids is conveyed to a pressure filter to separate the solids and the liquids (the later mainly 
contains solublised pentoses). The liquids are separated from the solids to facilitate 
conditioning of the liquid portion to reduce toxicity of the stream to downstream 
fermentation. It is believed by NREL that a pressure belt filter press provides the best 
recovery of solids, and soluble materials with minimal wash water. 
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After the separation step, the liquid material is overlimed. Lime is added in the tank to raise 
the pH to 10 (lime to hydrolysate ratio is 1%w/w). The residence time is one hour to allow 
for the overliming “reactions” to occur. The liquid is then adjusted to the fermentation pH of 
4.5 and held for four hours. This long residence time allows the resulting gypsum crystals to 
form to a size that can be readily separated by a hydrocyclone and rotary drum filtration in 
series. The filtration is assumed to remove 99.5% of the precipitated gypsum and the solids 
are assumed to contain 20% liquid. It is believed that 1% (w/w) lime is usually enough for the 
overliming reaction (Aden et al. 2002) 
 After the gypsum is filtered, the conditioned hydrolyzate liquid is recombined with 
hydrolyzate solids, the residence time in this tank is minimal (15 minutes); just long enough 
to afford good mixing. The resulting slurry, now conditioned, pH-adjusted, and properly 
diluted, is pumped to the SSCF (Simultaneous Saccharification and Co-Fermentation) unit. 
A schematic of this process step is shown below. 
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Figure 7.5. Schematic of pretreatment process 
To 
Fermentation 
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7.3.2. Mass and energy balance 
In this section, a detailed mass and energy balance for the process starting with the 
presteamer and finishing with reslurry tank has been developed. As far as possible a 
mechanistic model is used for each section to estimate the energy usage for any conditions 
different from those employed by NREL.  
I. Presteamer and Pretreatment Reactor 
The washed, shredded corn stover is fed to the pretreatment section and first steamed with 
low-pressure steam in a presteamer to about 100°C. In the NREL design, steam enters the 
presteamer at a temperature of 164 oC and pressure of 4.42 atm. The following calculation 
shows the amount of energy required to heat the feedstock up to 100°C and the amount of 
utility required. 
𝐸 = 𝑚𝐶𝑝∆𝑇  
𝐶𝑝 = 1112 + 4.85  
𝑇1 + 𝑇2
2
  
(Koufopanos et al., 1991)  
7.8 
𝑇2 = 100 °C  
𝑇1 = 𝐹𝑒𝑒𝑑 𝑂𝑛𝑝𝑢𝑡 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 (45 °C)  
𝑚 = 1000𝑘𝑔  
𝑦𝑖𝑒𝑙𝑑𝑠
     𝐸 = 1000 1112 + 4.85  
45 + 100
2
   100 − 45 = 80.49 𝑀𝐽 7.9 
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It should be noted that 80.49 MJ is the amount of energy required by 1 ton of feedstock to 
reach the temperature of 100 oC. However, the utility requirement for this will be higher than 
the calculated value for two main reasons:  
1. Based on the second law of thermodynamics the steam temperature should be higher 
than the feedstock temperature (temperature difference acts as a driving force for heat 
transfer). 
2. Steam leaves the process with a temperature lower than its input temperature. 
However, it still has a high amount of stored energy (its enthalpy) which is usually 
wasted. 
The above mentioned facts underline the importance of energy recovery within the process to 
minimize the amount of external energy required in each process. It should be noted that, 
having the presteamer before the main pretreatment reactor is energetically beneficial because 
it uses low pressure steam from other unit operations (available at T=164 oC and P=4.42 
atm). The following calculation shows the amount of steam required in the presteamer. 
 𝑚𝑠𝐶𝑝∆𝑇 𝑆𝑡𝑒𝑎𝑚 = 80.49 𝑀𝐽 7.10 
𝑇1 = 164,𝑇2 = 100
𝑦𝑖𝑒 𝑙𝑑𝑠
     ∆𝑇 = 64 °C  
𝐶𝑝   = 3256 𝐽/𝑘𝑔𝐾  
𝑚𝑠 =
80.49 .  106
3256 . 64
= 386.2 𝑘𝑔  
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According to the NREL design, after the stover is steamed, acid is added to the reactor. 
Concentrated sulphuric acid is diluted until the mixture (the total water, including steam and 
acid) in the reactor is 1.1% (w/w) sulphuric acid. Then the reactor is brought up to 
temperature of 190°C by direct injection of 13 atm superheated steam (192°C saturation 
temperature and 76°C superheat). The pretreatment reactor operates at 12.1 atm pressure and 
190°C. A schematic representation of the process is shown below. 
 
Figure 7.6. Schematic of pretreatment reactor 
1408 kg 
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The following calculation shows the amount of steam needed. 
 T1 T2 Energy Required 
8.86kg of 
sulphuric acid 
20 190 𝑚𝐴𝐶𝑝∆𝑇 = 8.86 .1420 .170 = 2.14 𝑀𝐽 7.11 
41.14kg of water 70 190  𝑚𝑊𝐶𝑝   ∆𝑇 𝑊𝑎𝑡𝑒𝑟 +  𝑚𝐶𝑝
   ∆𝑇 
𝑆𝑡𝑒𝑎𝑚
+ 𝐿 =
= 41.4 4190 . 30 + 3475.5 .90 + 334000 
= 14.15𝑀𝐽 
7.12 
386.2kg water 100 190  𝑚𝑊𝐹𝐶𝑝   ∆𝑇 𝑆𝑡𝑒𝑎𝑚 = 386.2 . 3475.5 .90 = 120.80𝑀𝐽 
7.13 
1000kg of 
Biomass 
100 190 𝑚𝐵𝐶𝑝   ∆𝑇 = 1000 .1463.6 .90 = 131.72𝑀𝐽 7.14 
 T1 T2 Steam Required 
HP Steam 268 190 
𝑚𝑆 =
268.79 . 106𝐽
2451
𝐽
𝑘𝑔𝐶  .  78
= 1406𝑘𝑔 
7.15 
From above calculations, it can be seen that for 1 ton of biomass, around 1.5 tons of high 
pressure steam are required. Since the steam is injected directly to the reactor it must be sent 
to waste water treatment after the process of pretreatment. Handling this amount of water in 
the waste water treatment unit could dramatically increase the cost and energy efficiency of 
the process. It should be added that the exiting steam cannot be used in any other unit for 
heat integration since it contains acetic and sulphuric acid, which both cause corrosion in any 
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unit operation. Consequently, in the next section, an alternative design has been developed in 
order to reduce the amount of water recycling and improve energy efficiency of the process. 
II. Alternative pretreatment design 
Using direct steam injection for the pretreatment reactor will dramatically increase the water 
consumption of the process. It will also increase the energy waste in the process. Exiting 
steam from the pretreatment unit contains further energy (its enthalpy relative to a datum 
level) and in the direct injection configuration, this heat is being thrown away.   
With the aid of a recirculating system, it is possible to minimise both energy and water 
wastes. For this process configuration, it is possible to use a hot oil circuit which provides 
heat at an appropriate temperature for the pretreatment reactor. In this case, no heat is 
thrown away and the heat duty of furnace (to reheat the oil) is the same as the heat released 
to the process plus any modest heat losses in the process and circuit.  
Using a hot oil circuit instead of steam is beneficial in terms of operating conditions as well, 
allowing much higher operating temperatures at low operation pressures as well as a 
significant reduction in overall operation cost. Steam requires pressure, whereas thermal oil 
can be employed pressureless up to 330 - 340°C. Pressurised oil can reach 400°C. The figure 
below shows the operating conditions for steam and some hot oils. In addition, thermal 
properties of typical white oil and the process flow sheet for its usage are shown in Appendix 
A. 
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Figure 7.7. Thermal Oil Systems for High Temperature Heating Applications (http://www.abco.dk/hotoil.htm) 
The heat transfer process in a jacketed reactor can be modelled by the following equation. 
𝐻𝑡 = 𝐻𝑟 −𝑚𝑟𝐶𝑃𝑟
𝑑𝑇𝑟
𝑑𝑡
 7.16 
Where 
𝐻𝑡  Heat transfer rate to the reactor wall 
𝐻𝑟  Heat rate of reaction in the reactor 
𝑚𝑟  Mass of reaction mixture 
𝐶𝑃𝑟  Specific heat of reaction mixture 
𝑇𝑟  Reaction temperature at time t 
The heat transfer rate to the reactor wall can be modelled by the following equation 
(assuming well mixed jacket and reactor). 
𝐻𝑡 = 𝑕𝑟𝐴𝑟 𝑇𝑟 − 𝑇𝑊  7.17 
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Where 
𝑇𝑊 Reactor wall temperature 
𝑕𝑟  Heat transfer coefficient between the reaction mixture and the reactor wall 
𝐴𝑟  Surface area of the reactor 
The heat balance equation for the reactor wall can be represented with the following 
equation. 
𝐻𝑡 = 𝑚𝑤𝐶𝑃𝑤
𝑑𝑇𝑤
𝑑𝑡
+ 𝑕𝑗𝐴𝑟  𝑇𝑤 −
𝑇𝑖𝑛 + 𝑇𝑜𝑢𝑡
2
  7.18 
Where 
𝑚𝑤  Mass of reactor wall 
𝐶𝑃𝑤  Specific heat capacity of reactor wall 
𝑕𝑗  Heat transfer coefficient between the jacket fluid and the reactor wall 
𝑇𝑖𝑛  Inlet temperature of jacket fluid 
𝑇𝑜𝑢𝑡  Outlet temperature of jacket fluid 
Assuming heat accumulation in the jacket and heat loss to the environment are negligible 
compared to heat transfer from the jacket fluid to the reactor wall, then it is possible to 
conclude that all the energy difference between jacket inlet and outlet fluid is transferred to 
the reactor wall. 
𝑚𝑗𝐶𝑃𝑗  𝑇𝑖𝑛 − 𝑇𝑜𝑢𝑡  = 𝑕𝑗𝐴𝑟  𝑇𝑤 −
𝑇𝑖𝑛 + 𝑇𝑜𝑢𝑡
2
  7.19 
Where 
𝑚𝑗  Mass of jacket fluid 
𝐶𝑃𝑗  Specific heat capacity of jacket fluid 
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It can be seen from the thermal properties of typical oil for jacketed reactors in appendix A, 
that in the range of operating temperature there is no significant change in density and 
specific heat capacity of the oil. In order to obtain similar reaction conditions to the NREL 
design, here it is assumed that jacket oil should raise the temperature of the mixture in the 
reactor to 190oC in one minute and then keep the mixture at that temperature for a further 
two minutes. The following calculation shows the flow rate of jacket oil for these conditions. 
In the following calculation the jacket fluid enters at 340 oC and leaves the jacket at 290 oC, 
consequently the minimum temperature of jacket liquid is 100 oC greater than the maximum 
temperature of the mixture in the reactor which ensures a high rate of heat transfer due to a 
high temperature driving force. The following calculation shows the oil flow rate required to 
achieve the same result as the NREL design. 
𝑚𝑗 =
𝑚𝑟𝐶𝑃𝑟
Δ𝑇
Δ𝑡
𝐶𝑃𝑗  𝑇𝑖𝑛 − 𝑇𝑜𝑢𝑡  
 7.20 
𝑚𝑗 =
268.79 .  106  
𝐽
𝑚𝑖𝑛
2950 . 50
= 1822 𝑘𝑔/𝑚𝑖𝑛 
 
To conclude, it was shown that by using recirculating oil in a jacket reactor it is possible to 
reduce the water usage by 1406 kg and save around 281 MJ which was wasted in flash 
cooling of high pressure steam. 
After the pretreatment process, the hydrolyzate slurry with 21% insoluble solids is conveyed 
to a Pneumapress pressure filter to separate the solids and the liquids. The liquids are 
separated from the solids to facilitate conditioning of the liquid portion to reduce the toxicity 
of the stream to downstream fermentation. 
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III. Optimum chip size  
With the aid of the model developed in chapter three, it is possible to determine the energy 
requirements for chips with different sizes (Hosseini and Shah, 2009a). It is clear that 
increasing the size of biomass requires more severe pretreatment to result in the same yield of 
conversion. With a better understanding of the amount of energy required for a given 
increase in biomass size, it is assumed that only a temperature increase would compensate for 
the size increase, assuming that all factors remains constant except for size and temperature, 
which results in the following equation. 
𝑒
𝑇1 – 100
14.75
𝑒
𝑇2 – 100
14.75
=  
𝑅2
𝑅1
. (
𝑟1
𝑟2
)2 7.21 
𝑇2 = 𝑇1 − 14.7 𝑙𝑛[
𝑅2
𝑅1
. (
𝑟1
𝑟2
)2] 7.22 
 In the NREL design the temperature is 190oC for a biomass size of 1.5 inch. For the same 
severity, changing the size of biomass requires a different temperature; consequently, the 
amount of energy needed for any chip size (L2) would be as follows. 
 T1 T2 Energy Required 
8.86kg of sulphuric 
acid 
20 T2 𝑚𝐶𝑝∆𝑇 = 8.86 .1420 . (𝑇2 − 20) 7.23 
41.14kg of water 
70 T2  𝑚𝐶𝑝   ∆𝑇 𝑊𝑎𝑡𝑒𝑟 +  𝑚𝐶𝑝
   ∆𝑇 
𝑆𝑡𝑒𝑎𝑚
+ 𝐿2 =
= 41.4 4190 . 30 + 3475.5 . (𝑇2 − 20)
+ 334000  
7.24 
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386.2kg water 100 T2  𝑚𝐶𝑝   ∆𝑇 𝑆𝑡𝑒𝑎𝑚 = 386.2 . 3475.5 . (𝑇2 − 20) 
7.25 
1000kg of Biomass 100 T2 𝑚𝐶𝑝   ∆𝑇 = 1000 .1463.6 . (𝑇2 − 20) 7.26 
Grinding of 
1000kg Biomass 
  
𝐸 = 2946621 + 8.43 . 3600 .1000 𝑙𝑛
1.5
𝐿2
 
7.27 
It should be noted that it is assumed here that the biomass enters the plant with a size of 
around 4 inches (Aden et al. 2002). Based on all the above considerations, the overall energy 
required for size reduction and pretreatment would be as follows. 
𝐸 = 8.86 .1420 .  190 − 14.7 𝑙𝑛[(
1.5
L2
)2] − 20 
+  41.4 4190 . 30 + 3475.5 .  190 − 14.7 𝑙𝑛[(
1.5
L2
)2] − 20 
+ 334000 + 386.2 . 3475.5 .  190 − 14.7 𝑙𝑛[(
1.5
L2
)2] − 20 
+ 1000 .1463.6 .  190 − 14.7 𝑙𝑛[(
1.5
L2
)2] − 20 + 2946621
+ 8.43 . 3600 .1000 𝑙𝑛
1.5
𝐿2
 
 
7.28 
The following figure shows the amount of energy required for grinding, heating with steam 
and the sum of the two (which is the overall energy requirement of the units). However, it 
should be noted that using hot oil for heating would result in a larger optimum chip size.  
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Figure 7.8. Energy required for grinding, heating and sum of the two 
It can be seen from the figure above that, reducing the size decreases the energy demand of 
the system. That is due to the low energy requirement for grinding corn stover; it can be seen 
even in the grinding data that corn stover has the lowest Kick’s constant. This implies that 
pretreatment of corn stover should be performed at the lowest possible temperature; this 
minimum temperature is the temperature at which the hydrolysis reaction starts to take place. 
Consequently performing the pretreatment at e.g. 140oC   and 5 times smaller chips will 
reduce the overall energy requirement of the system by approximately 30%. Although finding 
the exact minimum temperature at which reaction starts would result in being able to operate 
the pretreatment at the exact optimum point, it can be seen from the above figure that, the 
overall energy curve starts to flatten at a compression ratio of around 5 and no substantial 
energy saving can be made after this point. 
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IV. Solid Liquid Separation and Detoxification 
According to NREL’s original design, following the pretreatment unit, the diluted slurry is 
pumped into the solid liquid separation filter, building pressure in the filter and pushing 
filtrate through the filter. The filtrate flows to the wash filtrate tank. The cake is then washed 
with liquor that is pumped from the primary filtrate tank. Filtrate from that cycle also flows 
into the wash filtrate tank. Finally, the cake is washed with recycle water and air is blown 
through it to displace the liquor, which is primarily water. Filtrate from the final washing 
flows into the primary filtrate tank. Condensate is sent to wastewater treatment afterwards 
(Aden et al. 2002). A simplified form of the solid-liquid process flow diagram is as follows. 
 
Figure 7.9. Simplified form of solid liquid process flow diagram 
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The composition of hydrolyzate slurry is same as the output from the blowdown tank with 
around 15.6% of solubilised solid. The following table shows the composition of hydrolyzate 
slurry according to the NREL design. However, the output of the alternative design which 
has been proposed earlier would be different in terms of the amount of water present in the 
mixture. The composition of hydrolyzate slurry after the alternative design (based on hot oil 
recirculating system) is shown below.  
 Original Design Alternative Design 
Weight (kg) 2437.523895 1427.6 
Soluble (%) 15.6 15.6 
Insoluble (%) 21.3 21.3 
Temperature ( C) 101 101 
Pressure (atm) 1 1 
Water (%) 58.97476115 30 
Glucose (%) 1.044525023 1.783450969 
Xylose (%) 7.736632376 13.20974051 
Arabinose (%) 1.072080506 1.830499964 
Other Sugars (%) 1.256788352 2.14587526 
Cellobiose (%) 0.099027517 0.169082326 
Glucose Oligomers (%) 0.125291336 0.213925899 
Xylose Oligomers (%) 0.21527721 0.367570274 
Other Oligomers (%) 3.193422134 5.452537444 
Corn Steep Liquor (%) 0.054249857 0.092627709 
Other Soluble Solid (%) 3.193422134 5.452537444 
Acetic Acid (%) 1.359690859 2.321573851 
Sulphuric Acid (%) 0.9058865 1.546735713 
Furfural (%) 0.119694129 0.204369072 
Cellulose (%) 12.29964812 21.00076003 
Xylan (%) 0.18901339 0.322726701 
Arabinan (%) 0.02626382 0.044843573 
Other Sugar Polymers (%) 0.031430473 0.05366526 
Lignin (%) 6.135831042 10.47648795 
Other Insoluble Solid (%) 1.989161421 3.396349332 
Average Density (g/ml) 1.1246 1.411463415 
In order to obtain the same input composition as the NREL design, it is required to add 
approximately 1010 kg of water to the hydrolyzate slurry which is shown in the process flow 
diagram. This water should be added to enhance the pumpability of the stream. It should be 
added that determining the effect of water content on enzymatic hydrolysis reaction could 
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possibly result in using less water in this step. However, in this study we assumed the same 
water content as the NREL design to eliminate any possible effect it may have on the 
chemistry of enzymatic hydrolysis process.  
The liquid-solid separation process is an entirely physical process in which no reaction takes 
place, thus the overall composition of input and output steams should be the same. The 
following table shows the composition of both liquid and solid streams just after the filter. 
 Solid Liquid 
Weight (kg) 553.145734 1699.87827 
Soluble (%) 2.7 13 
Insoluble (%) 59 0.1 
Temperature ( C) 50 50 
Pressure (atm) 1 1 
Water (%) 42.0268478 84.2887015 
Glucose (%) 0.18637944 0.84647383 
Xylose (%) 1.37669228 6.28660302 
Arabinose (%) 0.19095317 0.87623994 
Other Sugars (%) 0.2241127 1.02693089 
Cellobiose (%) 0.01715148 0.0993444 
Glucose Oligomers (%) 0.02286864 0.20166541 
Xylose Oligomers (%) 0.03887669 0.20873487 
Other Oligomers (%) 0.05717161 0.31291626 
Corn Steep Liquor (%) 0.00914746 0.07776397 
Other Soluble Solid (%) 0.56828577 3.09418742 
Acetic Acid (%) 0.24012075 1.4116579 
Sulphuric Acid (%) 0.16122393 0.73857167 
Furfural (%) 0.01943835 0.16743438 
Cellulose (%) 32.5066319 0.05320693 
Xylan (%) 0.50082327 0.00074415 
Arabinan (%) 0.06974936 0 
Other Sugar Polymers (%) 0.08347055 0 
Lignin (%) 16.265322 0.02641743 
Other Insoluble Solid (%) 5.27350896 0 
Average Density (g/ml) 1.3246 1.0207 
In the NREL design they found that the optimum flow rate of input air should be 4687 kg/hr 
at 40 atm for the feedstock input of 356626 kg/hr, which means approximately each unit 
mass of input feedstock requires 0.01314kg of compressed air. Consequently for the design 
case considered here, the air flow rate should be around 29.7 kg/hr. Since no heating, cooling 
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or even mixing is required for solid liquid separation, the only energy input for this step of the 
process is the energy required for compressing the air to 40 atm. 
In order to find the most accurate and practical data for energy requirement and type of 
compressor needed to produce a compressed air at 40 atm and flow rate of 29.7 kg/hr, all the 
process data has been sent to “RIX industries” (http://www.rixindustries.com/) which is one 
of the world’s leading compressor producers. Their estimate shows that for each batch of the 
separation process 3.6 MJ energy is required technical details of the proposed compressor are 
shown in Appendix B).  
After the separation step, the material is overlimed. Lime is added in to raise the pH to 10; 
the residence time is one hour to allow for the overliming to occur. Based on the experience 
of NREL, the energy requirement for agitation in this application is assumed to be 0.5 
hp/1000 gal. The liquid is then adjusted to the fermentation pH of 4.5 and held for around 
four hours. This long residence time allows the resulting gypsum crystals to grow to a size 
that can be readily separated by a hydrocyclone and rotary drum filtration in series. The 
energy requirement for agitation in this application is assumed to be 0.5 hp/1000 gal, again 
based on NREL experience. The filtration removes 99.5% of the precipitated gypsum and the 
solids are assumed to contain 20% liquid. 
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Since overliming takes place at ambient temperature, there is no need for any additional heating 
or cooling. The only external energy required, is for mixing in overliming and pH adjustment 
reactors. The residence times are 1 and 4 hours respectively and the agitation power of both 
reactors are 98.5 W/m3. As a result the overall energy requirement of this step is 2.95MJ per 
batch; the calculation is shown below. 
𝐸 = 𝑃𝑜𝑤𝑒𝑟.𝑅𝑒𝑠𝑖𝑑𝑒𝑛𝑐𝑒 𝑇𝑖𝑚𝑒.𝑉𝑜𝑙𝑢𝑚𝑒  
𝐸 = 98.5
𝐽
𝑠.𝑚3
 .5 𝑕𝑟. 3600
𝑠
𝑕𝑟
. 1.6654𝑚3 = 2.95 . 106𝐽 = 2.95𝑀𝐽 
7.29 
The following tables show the composition of the main stream before and after each step. The 
overall input to this process is the liquid from the solid liquid separation step as well as lime 
and sulphuric acid. The outputs of the process are solid gypsum as well as conditioned liquid 
which will be mixed with solid from the solid liquid separation prior to saccharification. 
202 Chapter 7: Mass and Energy Balance 
 
 
 
Column1 
Before Lime 
Addition 
After Lime 
Addition 
After pH 
Adjustment 
After Filtration 
(Solid) 
After Filtration 
(liquid) 
Weight (kg) 1699.878266 1715.36 1722.5 45.601 1676 
Soluble (%) 13 12.9 12.9 2.6 13.1 
Insoluble (%) 0.1 1.7 2.1 80 0 
Temperature ( C) 50 50 53 53 53 
Pressure (atm) 1 1 1 1 1 
Water (%) 4.958538096 83.54458856 83.1810738 16.98557959 84.98330976 
Glucose (%) 0.049796386 0.838997334 0.835346733 0.166389351 0.853559642 
Xylose (%) 0.369828458 6.231814041 6.204698504 1.261785912 6.338896747 
Arabinose (%) 0.051547468 0.868500537 0.864721563 0.18025513 0.883356907 
Other Sugars (%) 0.060412319 1.017860501 1.013431641 0.207986689 1.035360679 
Cellobiose (%) 0.005844235 0.09846694 0.098038496 0.013865779 0.100330033 
Glucose Oligomers (%) 0.011863579 0.1998842 0.199014474 0.041597338 0.20330033 
Xylose Oligomers (%) 0.012279461 0.206891211 0.205990997 0.041597338 0.210466761 
Other Oligomers (%) 0.018408247 0.310152421 0.308802902 0.069328896 0.315700141 
Corn Steep Liquor (%) 0.004574701 0.077077118 0.076741744 0.013865779 0.07845356 
Other Soluble Solid (%) 0.182024944 3.066857946 3.053513597 0.623960067 3.119660537 
Acetic Acid (%) 0.08304505 1.399189399 1.393101321 0.291181364 1.42310231 
Sulphuric Acid (%) 0.043448715 0 0 0 0 
Furfural (%) 0.009849835 0.165955517 0.16523342 0.027731559 0.168976898 
Cellulose (%) 0.003130059 0.052736975 0.052507509 1.968940654 0 
Xylan (%) 4.3777E-05 0.00073758 0.000734371 0.027731559 0 
Arabinan (%) 0 0 0 0 0 
Other Sugar Polymers (%) 0 0 0 0 0 
Lignin (%) 0.001554085 0.026184093 0.026070162 0.984470327 0 
Gypsum 0 1.285233278 2.043386624 76.77481974 0.010561056 
Ca(OH)2 0 0.330067083 0 0 0 
Other Insoluble Solid (%) 0 0.008482184 0.008445264 0.318912923 0 
Average Density (g/ml) 1.0207 1.0397 1.0422 2.0146 1.0158 
After the gypsum is removed, the detoxified hydrolyzate liquid is mixed with hydrolyzate 
solid which is separated in a solid liquid separation unit. Based on NREL’s experience, the 
energy required to mix the two streams is 2 hp/1000gal and the residence time is 15 minutes. 
It should be mentioned that the high power requirement of mixer is due to the high solid 
content of the stream and resident time (15 minutes) is just long enough to achieve good 
mixing. As a result the overall energy requirement of this step is 0.71MJ; the calculation is 
shown below. 
𝐸 = 𝑃𝑜𝑤𝑒𝑟.𝑅𝑒𝑠𝑖𝑑𝑒𝑛𝑐𝑒 𝑇𝑖𝑚𝑒.𝑉𝑜𝑙𝑢𝑚𝑒  
𝐸 = 394
𝐽
𝑠.𝑚3
 . 0.25 𝑕𝑟. 3600
𝑠
𝑕𝑟
. 2.003𝑚3 = 0.71 . 106𝐽 = 0.71𝑀𝐽 7.30 
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7.4. Saccharification and Fermentation 
Cellulose is the largest single fraction of biomass. Consequently one of the most important 
challenges in bioethanol technology establishment is to understand and improve the 
technologies for hydrolysis of cellulose. In the early stages of technology development for 
cellulose hydrolysis, extensive research was devoted to acid hydrolysis of cellulose. However 
the yield of the process was low and there were concerns about the formation of undesirable 
by-products that would cause operational problems, yield losses as well as possible inhibitory 
effects on downstream processes (Wyman, 1999).  
The other approach for cellulose hydrolysis is enzymatic based processes, which are 
advantageous over chemical treatments due to their higher conversion efficiency, the absence 
of substrate loss (due to chemical modifications) and the use of more moderate and non-
corrosive physiochemical operating conditions, such as lower reaction temperatures, neutral 
pH and the use of biodegradable and nontoxic reagents (Sun and Cheng, 2002). 
Enzymatic hydrolysis of cellulose is carried out by cellulase enzymes which are highly 
specific (Beguin and Aubert, 1994). The products of the hydrolysis reactions are usually 
reducing sugars including cellulose and glucose. Both bacteria and fungi can produce 
cellulases for the hydrolysis of lignocellulosic materials. These microorganisms can be aerobic 
or anaerobic, mesophilic or thermophilic, however the anaerobes have a very low growth rate 
and require anaerobic growth conditions; consequently most research for commercial 
cellulase production has focused on fungi (Duff and Murray, 1996). 
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It was previously shown in chapter six that enzymatic hydrolysis of cellulose should be 
considered in two steps: 1) External reaction which occurs at the outer surface of the particles 
and 2) Internal reaction which occurs inside the particles pores.  
During the external reaction, enzymes adsorb rapidly at the external surface of cellulose, 
occupying some of the sites accessible at the substrate surface. With the progress of reaction, 
the cellulose particles shrink and as a result the number of available sites is decreased. This 
will continue until no site remains unoccupied and the whole substrate surface is covered 
with the active and inactive enzyme–cellulose complex. This process continues until the 
entire substrate surface is completely covered by the stable inactive cellulose–enzyme and 
product inhibited complexes. As the result of such a phenomenon, even though the cellulose 
particles are not completely hydrolyzed and some active enzymes are still present in the 
solution, the reaction at the surface stops (Movagarnejad et al. 2000; Movagharnejad 2005). 
The progression of the hydrolysis process after the initial phase of fast reaction at the external 
surface depends on further enzyme penetration and diffusion into the solid substrate as it 
undergoes structural change while the first layer of cellulose is hydrolysed. 
Having developed a mathematical model for both external and internal reaction, in chapter 
six we have proposed a universal model for hydrolysis which takes into account most of the 
factors which have been thought to have a considerable effect on enzymatic hydrolysis. 
Following the enzymatic hydrolysis, the resulting sugars are converted to ethanol in a 
fermentation unit. Since most fermentation processes employed so far are batch processes 
which have long operating times in each cycle and depend strongly on the operating 
variables, it is very important to define the optimum conditions to achieve sufficient 
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profitability. Kinetic models describing the behaviour of microbiological systems can be 
highly valuable tools and can reduce tests to eliminate extreme possibilities. There are 
numerous kinetic models reported in the literature for different fermentation processes (Lin 
and Tanaka, 2005). 
 Although four factors (substrate limitation, substrate inhibition, product inhibition, and cell 
death) are known to affect ethanol fermentation, none of these models accounts for these 
kinetic factors simultaneously. The lack of appropriate kinetic models for fermentation is the 
main problem that should be solved in order to optimize the fermentation process (Gulnur et 
al., 1998).  
7.4.1. Process Description 
There are three main process configurations to convert the detoxified hydrolyzate to ethanol: 
1. Separate saccharification and fermentation (SHF). 
2. Simultaneous saccharification and fermentation (SSF). 
3. Simultaneous saccharification and co-fermentation (SSCF). 
If the enzymatic hydrolysis is performed separately from fermentation the step is known as 
SHF. In the SHF configuration the liquid flow from the enzymatic hydrolysis steps first 
enters the glucose fermentation reactor then, following fermentation, the mixture distilled to 
remove the bioethanol. Finally, unconverted xylose which is left behind enters the second 
reactor to be fermented to bioethanol and, the bioethanol is again distilled off (Rudolf et al., 
2005). 
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The primary advantage of SHF is that hydrolysis and fermentation occur at optimum 
conditions; the disadvantage is that cellulase enzymes are end-product inhibited so that the 
rate of hydrolysis is progressively reduced when glucose and cellobiose accumulate (Hahn-
Hagerdal et al., 2006). 
If the enzymatic hydrolysis is performed simultaneously with fermentation, the step is known 
as SSF. In SSF, cellulases and xylanases convert the carbohydrate polymers to fermentable 
sugars. SSF requires lower amounts of enzyme because end-product inhibition from 
cellobiose and glucose formed during enzymatic hydrolysis is relieved by the yeast 
fermentation (Dien et al., 2003; Chandel et al., 2007). SSF is a batch process using natural 
heterogeneous materials containing complex polymers like lignin, pectin and lignocelluloses 
(Sabu et al., 2006).  
In SSCF, the enzymatic hydrolysis continuously releases hexose sugars, which increases the 
rate of glycolysis such that the pentose sugars are fermented faster and with higher yield 
(Hahn-Hagerdal et al., 2006). This therefore does not need a subsequent pentose fermentation 
step. SSCF is the most promising technology and therefore will be considered in this work. 
In this configuration, saccharification occurs first, separately from the fermentation. The 
separate saccharification step enables operation of the saccharification step at an elevated 
temperature to take advantage of increased enzyme activity and reduce the time and amount 
of enzyme required. The enzyme used to saccharify the cellulose is assumed to be purchased 
from an external source. 
For fermentation it is assumed that the recombinant Z.mobilis bacterium
 
is available to be 
used as the organism. This form of Z.mobilis will ferment both glucose and xylose to ethanol. 
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The Z.mobilis is assumed to be grown in the process area as well. In order to grow Z.mobilis, it 
is required to combine a small portion of saccharified slurry and nutrient with initial seed 
inoculum in a small vessel.   Finally, the seed inoculum, nutrients, and saccharified slurry are 
added to the fermentor. Since enzyme is still present in the mixture, after this point 
saccharification and co-fermentation of hexose and pentose sugars will happen 
simultaneously. The resulting dilute ethanol is collected in a storage tank before being sent to 
the distillation unit. 
According to the NREL protocol, hydrolyzate slurry should be fed into a hydrolysis tank at 
about 20% total solids loading (soluble and insoluble). However, the mixture of detoxified 
liquid from overliming and solid from liquid solid separation is around 25% solid, 
consequently some dilution of the mixture is required prior to saccharification. The amount 
of water should be around 411kg in this case. The mixture composition before and after 
dilution is shown below. 
Column1 Mixture Mixture After Dilution 
Weight (kg) 2229.145734 2640.145734 
Soluble (%) 10.51931829 8.881742087 
Insoluble (%) 15.14356688 12.78611899 
Temperature ( C) 51 51 
Pressure (atm) 1 1 
Water (%) 74.32398644 78.31768841 
Glucose (%) 0.688003894 0.58089986 
Xylose (%) 5.107563041 4.312450377 
Arabinose (%) 0.711542129 0.600773813 
Other Sugars (%) 0.834055596 0.704215169 
Cellobiose (%) 0.079689901 0.067284288 
Glucose Oligomers (%) 0.158527564 0.133849009 
Xylose Oligomers (%) 0.167887976 0.141752252 
Other Oligomers (%) 0.251548231 0.212388816 
Corn Steep Liquor (%) 0.061255773 0.051719867 
Other Soluble Solid (%) 2.486556085 2.099464978 
Acetic Acid (%) 1.129554337 0.953712561 
Sulphuric Acid (%) 0.040006502 0.033778546 
Furfural (%) 0.131870033 0.111341352 
Cellulose (%) 8.066275517 6.810569467 
Xylan (%) 0.124275517 0.104929101 
Arabinan (%) 0.017307778 0.014613414 
208 Chapter 7: Mass and Energy Balance 
 
 
 
Other Sugar Polymers (%) 0.020712587 0.017488185 
Lignin (%) 4.036116969 3.40780016 
Gypsum (%) 0.007940404 0.006704293 
Ca(OH)2 (%) 0 0 
Other Insoluble Solid (%) 1.308581552 1.104869967 
Average Density (g/ml) 1.092426396 1.07803808 
The optimum temperature for enzymatic hydrolysis is around 65oC, so the feed should be 
heated up to this temperature. The amount of energy required for this is around 130MJ; the 
calculation is shown below. 
 T1 T2 Energy Required 
584kg of Biomass 51 65 
𝑚𝐶𝑝∆𝑇 = 584 . 1112 + 4.85  
𝑇1 + 𝑇2
2
   .11 = 8.95 𝑀𝐽 
2056.14kg of water 51 65  𝑚𝐶𝑝   ∆𝑇 𝑊𝑎𝑡𝑒𝑟 = 2056.14 .
 4190 . 30  .  14 = 120.6𝑀𝐽 
According to the NREL protocol for enzymatic hydrolysis, 12 international filter paper unit 
(FPU) of cellulase enzyme should be added per each gram of cellulose. For an enzyme 
concentration of 50 international filter paper unit per millilitre, the saccharification condition 
is shown below. It should be noted that the volume of the hydrolyzate and enzyme together is 
around 2500 litres, but a vessel with 500 litres of extra volume is employed to deal with the 
possible bubble/froth formation. 
Temperature 65oC 
Initial Solid level ~ 20% 
Size of reactor 3000 Litres 
Cellulase loading 12 𝐹𝑃𝑈/(𝑔 𝑐𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒) 
Cellulase concentration 50 FPU/ml 
Residence Time 1.5 day 
It was previously shown in chapter five that the evolution of cellulose chain length during the 
hydrolytic reaction is an important factor which should be taken into account. Based on the 
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population balance model which was developed previously, after a fairly long residence time 
of 36 hours, almost all of the oligomers will be converted to simple sugars. It would be 
possible to have a shorter residence time if an optimisation based on the population balance 
model can be performed in the future; this requires experimental work for estimation of all 
the parameters in the proposed model. 
 Since enzyme will remain in the mixture during the fermentation step, even if there are some 
cellulose oligomers left in the mixture they will be converted to glucose during the 
fermentation step. Due to the long residence time, it is assumed here that 95% of cellulose 
will be converted to glucose and 5 % to oligomers (the numbers are in accordance with the 
population balance model).The reaction scheme is shown below. 
Reactant Reaction 
Fraction Converted 
to Product 
~171 kg cellulose  𝐺𝑙𝑢𝑐𝑎𝑛 𝑛 + 𝑛𝐻2𝑂     𝑛𝐺𝑙𝑢𝑐𝑜𝑠𝑒 0.95 
~9 kg cellulose  𝐺𝑙𝑢𝑐𝑎𝑛 𝑛 + 𝑥𝐻2𝑂    𝑥𝐺𝑙𝑢𝑐𝑜𝑠𝑒 𝑂𝑙𝑖𝑔𝑜𝑚𝑒𝑟 0.05 
According to the NREL protocol for enzymatic hydrolysis, 12 international filter paper unit 
(FPU) of cellulase enzyme should be added per each gram of cellulose. For an enzyme 
concentration of 50 international FPU per millilitre, about 43 litres of enzyme is needed. The 
following table shows the feed and product composition of the saccharification unit. 
  
Feed To 
Saccharification 
Product of 
Saccharification 
Weight (kg) 2640.145734 2683.145734 
Soluble (%) 8.881742087 15.7 
Insoluble (%) 12.78611899 5 
Temperature ( C) 51 65 
Pressure (atm) 1 1 
Water (%) 78.31768841 78.3525499 
Glucose (%) 0.58089986 7.161124733 
Xylose (%) 4.312450377 4.152318246 
Arabinose (%) 0.600773813 0.580364932 
Other Sugars (%) 0.704215169 0.680000367 
Cellobiose (%) 0.067284288 0.082646905 
Glucose Oligomers (%) 0.133849009 0.425401985 
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Xylose Oligomers (%) 0.141752252 0.148305279 
Other Oligomers (%) 0.212388816 0.222457919 
Corn Steep Liquor (%) 0.051719867 0.061985179 
Other Soluble Solid (%) 2.099464978 2.199555543 
Acetic Acid (%) 0.953712561 1.027806092 
Sulphuric Acid (%) 0.033778546 0.035354509 
Furfural (%) 0.111341352 0.132235048 
Cellulose (%) 6.810569467 0.313369514 
Xylan (%) 0.104929101 0.100783309 
Arabinan (%) 0.014613414 0.014004059 
Other Sugar Polymers (%) 0.017488185 0.016758956 
Cellulase (%) 0 0.149223578 
Lignin (%) 3.40780016 3.271899134 
Gypsum 0.006704293 0.006428093 
Ca(OH)2 0 0 
Other Insoluble Solid (%) 1.104869967 1.060635279 
Average Density (g/ml) 1.07803808 1.052 
 As can be seen in the process flowsheet saccharified slurry should be cooled to 41oC (the 
optimum fermentation temperature). After being cooled, 90% of the saccharified slurry is sent 
directly to the fermentor and the remaining 10% is sent to seed production. Input steams to 
seed production consist of diammonium phosphate, corn steep liquor (nitrogen source) as 
well as saccharified slurry as a source of glucose. The total energy needed for seed production 
Gas 
Liquid 
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(for mixing), is estimated to be around 103 kW/m3; the following table summarises the seed 
fermentation conditions. 
Input 
Saccharified slurry 268.5 Kg 
Corn Steep Liquor 1.349928 Kg 
Diammonium Phosphate 0.172593 Kg 
Energy 25.67KJ 
 
  Output 
  Carbon Dioxide Inoculum 
Weight (kg) 14.88618885 255.1363323 
Soluble (%) --- 4.6 
Insoluble (%)  --- 5.7 
Temperature ( C) 41 41 
Pressure (atm) 1 1 
Water (%) 3.14699793 81.85595902 
Glucose (%)  --- 0.248846368 
Xylose (%)  --- 0.376893528 
Arabinose (%)  --- 0.077311493 
Other Sugars (%)  --- 0.089391414 
Cellobiose (%)  --- 0.086975429 
Glucose Oligomers (%)  --- 0.446957068 
Xylose Oligomers (%)  --- 0.15703897 
Other Oligomers (%)  --- 0.234350463 
Corn Steep Liquor (%)  --- 0.54118045 
Other Soluble Solid (%)  --- 2.314512817 
Acetic Acid (%)  --- 1.273223648 
Sulphuric Acid (%)  --- 0.036239762 
Furfural (%)  --- 0.137711097 
Cellulose (%)  --- 0.328573845 
Xylan (%)  --- 0.106303303 
Arabinan (%)  --- 0.014495905 
Other Sugar Polymers (%)  --- 0.016911889 
Cellulase (%)  --- 0.15703897 
Lignin (%)  --- 3.442777415 
Gypsum  --- 0.007247952 
Ca(OH)2  --- 0 
Carbon Dioxide 0.942028986 0.096639366 
Other Insoluble Solid (%)  --- 1.116184678 
Average Density (g/ml) 0.0016 1.017 
Inside the reactor there are two main reactants: 1) Glucose, 2) Xylose, they undergo the 
following reaction to produce ethanol. 
𝐺𝑙𝑢𝑐𝑜𝑠𝑒           2 𝐸𝑡𝑕𝑎𝑛𝑜𝑙 + 2 𝐶𝑂2 
3 𝑋𝑦𝑙𝑜𝑠𝑒           5 𝐸𝑡𝑕𝑎𝑛𝑜𝑙 + 5 𝐶𝑂2 
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In addition to fermenting sugars to ethanol, there are other metabolic side reactions which 
cause the formation of by-products such as glycerol, succinic acid, acetic acid, lactic acid and 
xylitol. According to the experimental results of NREL, almost 95% of the glucose and 85% 
of the xylose are converted to ethanol in 36 hours. The following table shows the details of 
each stream’s composition before and after fermentation. 
 
Inside Fermentor 
before reaction 
Inside Reactor After 
Reaction 
Output 
(Liquid) 
Output 
(Gas) 
Weight (kg) 2669.967493 2669.967493 2553.083014 116.8844787 
Soluble (%) 14.63930795 3.428917721 3.6 0 
Insoluble (%) 5.06689049 4.762385724 5 0 
Temperature ( C) 41 41 41 41 
Pressure (atm) 1 1 1 1 
Water (%) 78.68552062 79.60141848 83.41504341 3.166815343 
Glucose (%) 6.500533608 0.017381241 0.018248459 0 
Xylose (%) 3.791503857 0.192677411 0.202290849 0 
Arabinose (%) 0.532287899 0.045996698 0.046066233 0.044603033 
Other Sugars (%) 0.623555648 0.053839452 0.056525716 0 
Cellobiose (%) 0.083058614 0.076307885 0.080115188 0 
Glucose Oligomers (%) 0.427451895 0.392773643 0.412370675 0 
Xylose Oligomers (%) 0.149136403 0.136930261 0.143762254 0 
Other Oligomers (%) 0.223589187 0.205395391 0.215643381 0 
Corn Steep Liquor (%) 0.10776826 0.309894801 0.324689053 0.01338091 
Other Soluble Solid (%) 2.21048965 2.030849582 2.132176707 0 
Acetic Acid (%) 1.051231293 1.115790857 1.170126827 0.02676182 
Sulphuric Acid (%) 0.035438296 0.032642818 0.034271497 0 
Furfural (%) 0.132755283 0.123576381 0.128184301 0.031222123 
Cellulose (%) 0.314815162 0.289334065 0.303770087 0 
Xylan (%) 0.101308449 0.093053227 0.097696021 0 
Arabinan (%) 0.014050737 0.012929947 0.013575073 0 
Other Sugar Polymers (%) 0.016773191 0.015473543 0.01624558 0 
Cellulase (%) 0.149966943 0.137778126 0.144652422 0 
Lignin (%) 3.288152088 3.020944395 3.171226185 0.008920607 
Gypsum (%) 0.006506281 0.005935058 0.006231181 0 
Ca(OH)2 (%) 0 0 0 0 
Carbon Dioxide (%) 0.00923336 4.50195327 0.097918563 92.76984835 
Ethanol (%) 0 5.376440576 5.55 2.9 
Other Insoluble Solid (%) 1.065918884 0.979284529 1.028144911 0 
Average Density (g/ml) 1.048632302 0.906853287 0.002 0.906853287 
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7.5. Distillation and Molecular Sieve 
The product of fermentation contains around 5.5% ethanol; however it should be 
concentrated to around 99.5% to be used as liquid fuel.  Using normal distillation techniques, 
ethanol can only be purified to approximately 96%. Once at a 96.4% ethanol/water 
concentration, the vapour from the boiling mixture at 1 atm is also 96.4% (Smith, Van Ness, 
and Abbott 2005). Therefore, further distillation is ineffective and all the water from the 
nearly azeotropic mixture should be removed by vapour phase molecular sieve adsorption. In 
addition, in order to recover the ethanol in the fermentation vent, the vent should be 
scrubbed. A schematic of separation process is shown below. 
Fermentor
Scrubber
DistillationGas
Liquid
Distillation
Carbon Dioxide
Water
Molecular 
Sieve
Unconverted insoluble 
and dissolved solids 
Storage
Carbon Dioxide
99.5% Ethanol
Storage
The bottoms from the first distillation contain all the unconverted insoluble and dissolved 
solids. The insoluble solids can be dewatered and sent to the combustor. Beer from the 
fermentation area is first preheated with flash vapour from the pretreatment reactor. The feed 
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to the first distillation column should be first heated by a heat exchanger. The first distillation 
column should operate in a way to remove the CO2 and as little ethanol as possible overhead, 
while removing most of the water in the bottoms. The ethanol is removed as a vapour side 
draw from the column and fed directly to the second distillation column. It is assumed that 
scrubber separates around 99% of the carbon dioxide in the stream exiting fermentor, 
consequently the compositions of the streams before entering the first distillation column are 
as shown in the following table. 
  
Scrubber Input Scrubber output 
From Fermentation Water Liquid Gas 
Weight (kg) 116.8844787 76.6862087 192.50847 1.062213843 
Soluble (%) 0 0 5 0 
Insoluble (%) 0 0 3.6 0 
Temperature ( C) 40 40 40 40 
Pressure (atm) 0.9 1 1 1 
Water (%) 97.72690547 100 83.433166 0 
Glucose (%) 0 0 0.0182485 0 
Xylose (%) 0 0 0.2023359 0 
Arabinose (%) 0 0 0.0482917 0 
Other Sugars (%) 0 0 0.0565257 0 
Cellobiose (%) 0 0 0.0801152 0 
Glucose Oligomers (%) 0 0 0.4124625 0 
Xylose Oligomers (%) 0 0 0.1437719 0 
Other Oligomers (%) 0 0 0.2156434 0 
Corn Steep Liquor (%) 0 0 0.3246891 0 
Other Soluble Solid (%) 0 0 2.1321767 0 
Acetic Acid (%) 0.01885268 0 1.170205 0 
Sulphuric Acid (%) 0.02154592 0 0.0342715 0 
Furfural (%) 0 0 0.1281843 0 
Cellulose (%) 0 0 0.3017672 0 
Xylan (%) 0 0 0.0981416 0 
Arabinan (%) 0 0 0.0135751 0 
Other Sugar Polymers (%) 0 0 0.0095693 0 
Cellulase (%) 0 0 0.1446524 0 
Lignin (%) 0 0 3.1734368 0 
Gypsum (%) 0 0 0.01 0 
Ca(OH)2 (%) 0 0 0.01 0 
Carbon Dioxide (%) 0.091570159 0 0.0979186 98.671 
Ethanol (%) 2.135739294 0 5.5306185 0 
Other Insoluble Solid (%) 0 0 1.0281518 0 
Average Density (g/ml) 0 1 0.9534 0.998 
Total 99.99461352 100 98.817918 98.671 
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It can be assumed that scrubber does not need any external energy because the temperature 
and pressure of input and output is the same; in addition the flowrate ofstream going to 
scrubber is less than 10% of that of the stream bypassing it.  
Regarding distillation, in the NREL design, first distillation concentrates the ethanol just up 
to 40%. The reason for that is probably the energy required for heating the solid as well as 
liquid, so in the design the aim was to separate solid in first distillation column and then 
concentrating the ethanol to near its azeotropic point in second distillation column. However, 
as was shown in solid liquid separation unit, the energy required for this process is negligible 
compared to energy requirement of distillation, so that by adding a solid liquid unit prior to 
distillation column it is possible to increase the energy efficiency of the process. According to 
the NREL design, the reflux ratio for first distillation column is 3; their design employs 
around 146kg of low pressure steam for first distillation reboiler. With the aid of equation 7.8 
it is possible to show that energy requirement of reboiler is around 26MJ (for 2.5 ton input) 
compared to around 4MJ required for liquid- solid separation.    
 
 
  
First 
Distillation 
input 
First Distillation output 
Solid Liquid Gas 
Weight (kg) 2745.5915 1371.806 217.6566 1.742559 
Soluble (%) 3.6989585 4.2 0 0 
Insoluble (%) 4.9028946 5.8 0.2 0 
Temperature ( C) 100 117 113 60 
Pressure (atm) 4.76 2.1 1.91 1.86 
Water (%) 83.434288 87.3972 59.31404 4.07332 
Glucose (%) 0.0182524 0.021214 0 0 
Xylose (%) 0.2023376 0.235168 0 0 
Arabinose (%) 0.0462322 0.05614 0 0 
Other Sugars (%) 0.0565379 0.065712 0 0 
Cellobiose (%) 0.0801325 0.093136 0 0 
Glucose Oligomers (%) 0.412466 0.47939 0 0 
Xylose Oligomers (%) 0.1437939 0.167127 0 0 
Other Oligomers (%) 0.2156898 0.25069 0 0 
Corn Steep Liquor (%) 0.324759 0.339945 0.23643 0 
Other Soluble Solid (%) 2.1326361 2.478702 0 0 
Acetic Acid (%) 1.1703844 1.293033 0.422312 0 
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Sulphuric Acid (%) 0.0342789 0.039841 0 0 
Furfural (%) 0.1282119 0.077096 0.453293 0 
Cellulose (%) 0.3036951 0.353139 0 0 
Xylan (%) 0.0977483 0.113574 0 0 
Arabinan (%) 0.013578 0.015781 0 0 
Other Sugar Polymers (%) 0.0157809 0.018886 0 0 
Cellulase (%) 0.1446836 0.168162 0 0 
Lignin (%) 3.1720645 3.816492 0 0 
Gypsum (%) 0.0064968 0.007244 0 0 
Ca(OH)2 (%) 0.0007013 0 0 0 
Carbon Dioxide (%) 0.0979397 0 0.047286 83.70672 
Ethanol (%) 5.5498367 0.047085 40.08381 12.21996 
Other Insoluble Solid (%) 1.0283669 1.195241 0 0 
Average Density (g/ml) 0.9345 0.957 0.0014 0.0029 
The liquid stream from fermentation should be mixed with the stream exiting the scrubber 
prior to entering the distillation column. The mixed stream should be brought to a 
temperature of 100oC and pressure of 4.76 atm in a heat exchanger and then pumped to the 
first distillation column; the energy required for this is shown below: 
Heat Exchanger 
𝐸 = 𝑚𝐶𝑝∆𝑇 
𝐶𝑝 = 1112 + 4.85  
𝑇1 + 𝑇2
2
  
𝑇2 = 100 °C ; 𝑇1 = 45 °C ; 𝑚 = 2745.59𝑘𝑔 
𝑦𝑖𝑒𝑙𝑑𝑠
     𝐸 = 2745.59 1112 + 4.85  
40 + 100
2
   100 − 40 = 239.11 𝑀𝐽 
Pump 
𝐸 = ∆𝑝.𝑉𝑜𝑙𝑢𝑚𝑒 
𝐸 =  4.76 − 1 . 101325 . 2.95 = 1.12𝑀𝐽 
As can be seen the main energy requirement for the process is to increase the temperature of 
the water in the stream because the stream entering distillation is composed of around 85% 
water. Consequently, developing a fermentation technology which produces ethanol with a 
higher concentration would decrease the overall energy requirement dramatically. In the first 
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distillation column, most of the water remains with the solids part and a product stream that 
is rich in bioethanol is sent to the second distillation column.  
In the NREL design the second distillation column concentrates the ethanol up to 92% 
(w/w). According to the NREL design, the reflux ratio for second distillation column is 3.2; 
their design employs around 119kg of low pressure steam for first distillation reboiler. With 
the aid of equation 7.8 it is possible to show that energy requirement of reboiler is around 
22MJ. Based on the above assumptions, the composition of the streams entering and leaving 
the second distillation column is shown below. 
  
Second Distillation Output 
Top Bottom 
Weight (kg) 111.2817473 120.8289638 
Soluble (%) 0 0 
Insoluble (%) 0 0.464221422 
Temperature ( C) 92 121 
Pressure (atm) 1.7 1.7 
Water (%) 7.494286058 131.6555838 
Glucose (%) 0 0 
Xylose (%) 0 0 
Arabinose (%) 0 0 
Other Sugars (%) 0 0 
Cellobiose (%) 0 0 
Glucose Oligomers (%) 0 0 
Xylose Oligomers (%) 0 0 
Other Oligomers (%) 0 0 
Corn Steep Liquor (%) 0 0.548778769 
Other Soluble Solid (%) 0 0 
Acetic Acid (%) 0 0.980232422 
Sulphuric Acid (%) 0 0 
Furfural (%) 0 1.052141364 
Cellulose (%) 0 0 
Xylan (%) 0 0 
Arabinan (%) 0 0 
Other Sugar Polymers (%) 0 0 
Cellulase (%) 0 0 
Lignin (%) 0 0 
Gypsum (%) 0 0 
Ca(OH)2 (%) 0 0 
Carbon Dioxide (%) 0 0.109755754 
Ethanol (%) 92.50120366 -0.613710216 
Other Insoluble Solid (%) 0 0 
Average Density (g/ml) 0.0023 0.00069007 
Total 99.99548972 124.4483535 
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The overhead vapor from the second distillation column is fed to the molecular sieve 
adsorption unit. Saturated vapor from the distillation column is first superheated to 116oC 
and fed to one of two adsorption columns. The adsorption column removes 95% of the water 
and a small portion of ethanol. The 99.5% pure ethanol vapor is cooled by heat exchange 
against regenerate condensate and finally condensed and pumped to storage. While one bed 
is adsorbing water, the other is regenerating. Passing a very small slipstream of pure ethanol 
vapor back through the loaded bed while a vacuum is applied effects regeneration. The water 
is stripped off the adsorbent, and the mixture is condensed and returned to the rectification 
column (Aden et al. 2002). Here it is assumed that the only energy requirement is to increase 
the vapor temperature from 92oC to 116OC. 
𝐸 = 𝑚𝐶𝑝∆𝑇 
𝐶𝑃𝐸𝑡 𝑕𝑎𝑛𝑜𝑙 = 112
𝐽
𝑀𝑜𝑙.𝐾
= 2431.08
𝐽
𝐾𝑔.𝐾
 
𝐸 = 2431.08 
𝐽
𝐾𝑔.𝐾
 . 111.28 𝑘𝑔 .24 𝑘 = 6.5𝑀𝐽 
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7.6. Discussion 
Based on the overall model developed, the process analysis is summarised in the figure 
below. 
Feedstock 
Storage
Size Reduction
Dilute acid 
pretreatment
L/S separationDetoxification
SSCF
Distillation
Azeotropic 
Separation
Ethanol storage
103Kg
25.05MJ 131.72MJ
3.6MJ
3.66MJ
80.96MJ
129.55MJ
246.73MJ
7.24GJ
Figure 7.10. Summary of process energy balance (on a per batch basis) 
 
 
 
298MJ 
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For 1000Kg of Corn Stover 
Process Energy Input (MJ) 
Feedstock 7240 
Size Reduction 20.05 
Heating and pretreatment 212.68 
L/S Separation 3.6 
Detoxification 3.66 
SSCF 129.55 
Distillation 298.73 
Total 7904.28 
Output Energy content (MJ) 
103Kg Ethanol 3399 
718Kg of wet Combustible solid  1875 
718Kg of wet Combustible solid  1275 
Total 4674 
The above mentioned analysis includes direct energy input to the process. However to obtain 
a more accurate result the following table includes the embodied energy associated with the 
input material as well (Aden et al. 2002). 
Product Energy Inlet(MJ) 
Enzyme 65.16 
Air 36.2 
Sulfuric Acid 28.96 
Water 43.44 
Total 173.76 
 
𝐸𝑛𝑒𝑟𝑔𝑦 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =
𝑇𝑜𝑡𝑎𝑙 𝐸𝑛𝑒𝑟𝑔𝑦 𝑂𝑢𝑡𝑝𝑢𝑡
𝑇𝑜𝑡𝑎𝑙 𝐸𝑛𝑒𝑟𝑔𝑦 𝐼𝑛𝑝𝑢𝑡
=
4674
7904.28 + 173.78
= 57.8% 
An energy balance reveals that the total energy consumption is very sensitive to the amount 
of water used in the process, because the high heat capacity of water increases the amount of 
energy consumption for heating dramatically. These all suggest that using oil heaters in the 
process can reduce the overall energy consumption dramatically. The table below shows the 
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potential benefits of some process modifications. It should be noted that wet combustion is 
technology which allows combustion of woody material with moisture content of up to 60%. 
Modification Effect Energy Saving 
Recirculating hot oil for pretreatment 1406Kg less HP steam 281MJ 
Solid/liquid separation prior to distillation No need to heat up residual solid in distillation 123MJ 
Wet Combustion and recovering steam  No drying is required 600MJ 
Total Energy Saving 1004MJ  
𝑇𝑜𝑡𝑎𝑙 𝐸𝑛𝑒𝑟𝑔𝑦 𝑆𝑎𝑣𝑖𝑛𝑔
𝑂𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝐸𝑛𝑒𝑟𝑔𝑦 𝑂𝑢𝑡𝑝𝑢𝑡
=
1004
4674
= 21% 
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7.7. Concluding Remarks 
The aim of this chapter was modelling the mass and energy balances of typical biorefinery. 
The process steps considered here are: feedstock storage and size reduction, dilute acid 
pretreatment, detoxification, saccharification, fermentation and distillation and azeotropic 
separation.  
The energy balance of the process revealed that the main energy requirement is for heating 
(96%) compared to work input (4%). Most of the energy input is for pretreatment and 
distillation (83%); however we have considered two process modifications to reduce the 
energy requirement for pretreatment and distillation. By employing a recirculating hot oil 
system for pretreatment and adding a solid/liquid separation before distillation it is possible 
to reduce the energy requirement for distillation and pretreatment from 792MJ to 388.4MJ.  
One of the most discussed issues about bioconversion of lignocellulosics is the amount of 
fossil fuel required for this process. Our calculation showed that the energy input for 
bioconversion process is around 13% of the energy content in the produced ethanol. If we 
take the energy content of combustible solid into account, this ratio will be around 8%. These 
all imply that bioconversion process of lignocellulosic ethanol is energy efficient, however in 
this study we have shown that there are great potential to improve the energy and economic 
efficiency of this process by employing process engineering tools.  
 
 
 Chapter 8 
Conclusions & recomendations 
for future work 
The world is facing the dangers of an energy crisis due to the depletion of traditional fuel 
sources such as coal and petroleum. Over the past few years, there has been an increasing 
awareness and acceptance of biofuels as a viable potential substitute for petroleum. As a 
result, ethanol has become an essential product in the fuel market. Its global market grew 
from less than a billion litres in 1975 to more than 39 billion litres in 2006, and current 
predictions show that the market may reach more than 100 billion litres in 2015 (Licht 2006).  
In addition, the global economic downturn offers an opportunity to invest in green technology 
while costs are lower. Also, the author believes that “green growth” is the only realistic future 
for growth and for overcoming world poverty.  
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However, to be viable, bioenergy should ultimately be economically competitive with fossil 
fuel. Developments in conversion technology have reduced the projected gate price of ethanol 
from about US$0.95/liter (US$3.60/gallon) in 1980 to only about US$0.32/liter 
(US$1.22/gallon) in 1994 (Wyman, 1994); however, for ethanol to be competitive with fossil 
fuel, further cost and energy reductions in conversion technologies are required. 
The objective of this work is mainly analysis, modelling and optimisation of pretreatment and 
enzymatic hydrolysis units as well as identifying the effect these two processes may have on 
overall biorefining process. 
8.1. Biomass chip size optimisation 
A model involving the diffusion of liquid or steam into the biomass was developed, taking 
into account the interrelationship between chip size and processing time. With the aid of the 
developed model, a method to find the chip size that minimizes the energy requirement of 
grinding and pretreatment processes was proposed. Our model shows that the  required 
severity of all hydrothermal pretreatment methods decreases with increasing chip size. 
However, in the case of steam explosion, this decrease is sharper. 
Based on typical data used for optimization, it was shown that optimising biomass chip size 
can result in up to a 50% improvement in the energy efficiency of pretreatment methods; this 
can account for up to 5% of the total conversion chain’s yield. It is believed that given the 
characteristic data of any hydrothermal pretreatment system, the method proposed here could 
be employed to find the chip size that minimizes the energy requirement of the system. 
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8.2. Kinetic of hemicellulose hydrolysis 
A new mechanism for the hydrolysis of hemicellulose has been proposed in which the bond 
breakage is function of position in the hemicellulose chain and all the bonds with same 
position undergo the breakage at the same time. The model prediction showed a high 
correlation with the experimental data, moreover it was found that the probability of 
xylooligomer breakage from the middle of the chain is higher than the probability of the 
breakage from the sides; in case of xylotetrose 93% breaks from the middle and for 
xylopentose almost all breaks from the middle.  
In addition, a general model for considering water diffusion into the wood chip, hydrolysis 
reaction and diffusion of soluble sugars out of the wood simultaneously has been proposed. 
The proposed model has a general form which can be of great help for reactor design and 
even biomass physical characteristics optimization, since the model accounts for simultaneous 
reaction and diffusion considering the major physical characteristic of the biomass. 
It should be highlighted that models are most useful for providing mechanistic insights that 
cannot be seen through experimental methods or providing the general concept behind 
inconsistent experimental results. The author believes that the inconsistency between different 
model predictions in the literature can be explained by realizing that each xylooligomer has 
different physiochemical characteristics, thus for any model to provide a good prediction it is 
necessary to consider each xylooligomer separately. Our calculation showed a high sensitivity 
of the concentration of each xylooligomer to its diffusion coefficient, thus determining these 
would be of great importance. A procedure to determine the diffusion coefficient for each 
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xylooligomer experimentally would involve for example thermogravimetric analysis (TGA) of 
a biomass sample immersed in water under different conditions. Alternatively, hemicellulose 
hydrolysis combined with dynamic analysis of the bulk liquid composition could be used to 
determine each diffusion coefficient based on our model. 
Finally, we performed two sets of sensitivity analyses, first to compare the dynamic 
importance of xylooligomer size evolution versus xylose decomposition and then to compare 
the relative importance of kinetic parameters versus particle length on overall process yield. 
Sensitivity analysis revealed that, at the beginning of the process, chemical reaction is more 
important than diffusion; however as reaction proceeds, diffusion becomes the determinant 
factor. This could be due to the fact that long residence time for sugars inside particles can 
result in their degradation to furfural. It was also shown that solid phase reaction rate, 
xylooligomer size evolution and xylose decomposition are all determinant factors, so any 
model for hemicellulose hydrolysis should take all three of these factors into account. 
8.3. Modelling Enzymatic Hydrolysis of Cellulose  
8.3.1. Population Balance Modelling of Hydrolysis by Endoglucanase 
In this part a population balance based kinetic model for the action of endoglucanase has been 
developed. One important feature in our proposed model is a new approach to consider the 
evolution of cellulose chain length during the hydrolytic reaction by employing a population 
balance model. In addition, a new mechanism for hydrolysis of cellulose by endoglucanase is 
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proposed in which bond breakage is a function of position in the chain as well as the 
susceptibility to enzymatic attack. 
The model prediction is very close to the experimental results presented by Kurakake et al. 
(1995). Using the estimated values for the parameters (confidence interval=98%) with the aid 
of experimental data, the evolution of size distribution for cellulose polymers during the 
course of hydrolysis has been presented. Evolution of size distribution for cellulose polymers 
revealed that as reaction proceeds, a major peak is shifted progressively towards lower DP 
positions at the beginning of the reaction and then the major peak becomes narrow at lower 
DP positions. From this observation it can be proposed that rate of reaction is more sensitive 
to the polymer length at higher DPs and this dependency decreases as the concentration of 
polymers with lower DPs increases.  
In addition, it is shown here that by taking into account the size distributions of cellulose 
polymers it is possible to explain the trend of rapid decline in the rate of glucose production by 
endoglucanase which has been observed and studied by several authors. In the second part of 
this section a mechanistic model for the action of exoglucanase has been developed together 
with the model developed in this section for endoglucanase, a holistic model considering all 
the major steps involved in enzymatic hydrolysis is proposed. 
8.3.2. Population Balance Modelling of Hydrolysis by Exoglucanase and Universal 
Kinetic Model 
In this part a population balance based kinetic model for the action of exoglucanase has been 
developed. One important feature in our proposed model is a new approach to consider the 
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evolution of cellulose chain length during the hydrolytic reaction by employing a population 
balance model. In addition, a new mechanism for hydrolysis of cellulose by exoglucanase is 
proposed in which a bond breakage is a function of position in the chain as well as the 
susceptibility to enzymatic attack. 
The model prediction is very close to the experimental results presented by Hoshino et al. 
(1993). Using the estimated values for the parameters with the aid of experimental data, the 
evolution of size distribution for cellulose polymers during the course of hydrolysis has been 
presented. Evolution of size distribution for cellulose polymers revealed that as reaction 
proceeds, the major peak moves toward the lower DP, however the variance remains almost 
constant, which is in accordance with the mechanism of exoglucanase action (exoglucanase 
has no preference for cellulose polymers with different lengths). 
In addition, it is shown here that by taking into account the size distributions of cellulose 
polymers it is possible to explain the trend of rapid decline in the rate of glucose production. 
However at the beginning of the reaction there is a period in which the rate is fairly constant, 
thus it is not possible to conclude that there exists a clear direct relationship between initial 
molar fraction and rate of sugar production which may imply the dependency of the rate 
function on other factors as well as the concentration of chain ends.  
It can be seen in the developed exoglucanase kinetic model that the concentration of any x-
mer is a function of the difference between that of (x+2)-mer and x-mer. Based on the fact that 
exoglucanase has no preference for polymers with different degrees of polymerisation it can 
be concluded that the main influential factor is the initial difference between the concentration 
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of polymers with different DPs. This initial difference can be represented by the variance of 
the initial size distribution.  Consequently, a tighter initial size distribution would result in a 
higher rate of sugar formation.  
Having established the models for the action of endo- and exoglucanase, a universal model for 
the cellulose hydrolysis at the surface and inside the particle have been developed. Since there 
are some unknown parameters in the universal models, an experimental procedure to find the 
parameters in the holistic model has been proposed. 
8.4. Mass and Energy Balance 
An energy balance of the process revealed that the main energy requirement is for heating 
(96%) compared to work input (4%). Most of the energy input is for pretreatment and 
distillation (83%); however we have considered two process modifications to reduce the 
energy requirement for pretreatment and distillation. By employing a recirculating hot oil 
system for pretreatment and adding a solid/liquid separation before distillation it is possible to 
reduce the energy requirement for distillation and pretreatment from 792MJ to 388MJ.  
One of the most commonly discussed issues about bioconversion of lignocellulosics is the 
amount of fossil fuel required for this process. Our calculation showed that the energy input 
for bioconversion process is around 13% of the energy content in the produced ethanol. If we 
take the energy content of combustible solids into account this ratio will be around 8%. This 
implies that bioconversion process of lignocellulosic ethanol is energy efficient, however in 
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this study we have shown that there is great potential to improve the energy and economic 
efficiency of this process by employing process engineering tools.  
In this thesis the objective is to capture all the influential processes at different scale in one 
universal model, for example in chapter 3 and 4 a multiscale models of hydrothermal 
pretreatment methods is developed, starting from the microscale level where chemical 
reaction takes place followed by the mesoscale level in which the diffusion in lignocellulosic 
material is the main process and finally the macroscale level where the mixing and bulk 
diffusion are important.  
At microscale level, a new mechanism for hydrolysis of hemicellulose has been proposed in 
which the bond breakage is function of position in the hemicellulose chain and all the bonds 
with same position undergo the breakage at the same time. At the mesoscale level a model for 
diffusion of water into wood and diffusion of soluble sugars out of the wood in aqueous 
media has been developed. Finally, a general model for considering water diffusion into the 
biomass, hydrolysis reaction and diffusion of soluble sugars out of the wood simultaneously 
has been proposed. 
8.5. Recommendations for future work 
The main part of this work was devoted to the analysis, modelling and optimisation of 
pretreatment and enzymatic hydrolysis units as well as identifying the effect these two 
processes may have on the overall biorefining process. We have developed a number of 
characteristic models for pretreatment and enzymatic hydrolysis. Although the amount of 
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experimental research in these area is considerable, in most cases the results presented are not 
informative to study the process in depth. We believe the root cause of this problem is the lack 
of using detailed mathematical models to design effective experiments. Consequently, a 
model based experimental design for each processing unit in the biorefinery can pave the way 
for in depth understanding and finally optimizing the process. For example diffusion-reaction 
systems have a history of more than a century in chemical engineering, however very few 
studies have focused on determining diffusion coefficients or porosities of lignocellulosic 
materials. 
Regarding energy consumption in the process, we have shown that most of the energy input 
for lignocellulosic bioconversion is for pretreatment and distillation. Consequently 
development of new pretreatment methods such as biological methods can increase the 
energy efficiency and environmental efficiency of the bioconversion process significantly. 
Biological pretreatments have the potential to improve bioconversion of lignocellulosics in 
two major areas: 1) delignification, 2) hydrolysis of C5 sugars. Regarding separation processes, 
there is potential for improving and commercialising integrated fermentation and separation 
technologies. Current ethanol fermentation processes are predominantly based on batch 
operation, the overall process could be further improved by adoption of continuous processing 
technology such as employing a flat-plate membrane pervaporation unit to recover an 
enriched ethanol stream continuously from the fermentation broth. 
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Appendix A 
Thermal properties of typical white oil 
(Anon. TT BOILERS Thermal Oil Heaters for High Temperature Heating Applications. 
http://www.ttboilers.dk/Varmolie.htm.). 
Temperature 
°C 
Density 
kg/m³ 
Specific 
Heat 
kJ/(kg·K) 
Heat 
Conductivity 
W/(m·K) 
Dynamic 
Viscosity 
x10-6 Pa·s 
Prandtl’s 
Number 
40 865,2 1,951 0,132 16.438 244 
60 856,8 2,023 0,130 8.054 125 
80 848,4 2,096 0,129 4.581 74,6 
100 839,9 2,169 0,127 2.982 50,8 
110 835,7 2,205 0,126 2.490 43,4 
120 831,5 2,241 0,126 2.095 37,3 
130 827,3 2,278 0,125 1.787 32,6 
140 823,1 2,314 0,124 1.547 28,8 
150 818,9 2,350 0,124 1.368 26,0 
160 814,7 2,386 0,123 1.214 23,6 
170 810,5 2,423 0,122 1.078 27,3 
180 806,3 2,459 0,121 976 19,8 
190 802,1 2,496 0,121 874 18,1 
200 797,9 2,532 0,120 798 16,8 
210 793,7 2,568 0,119 734 15,8 
215 791,6 2,587 0,119 701 15,2 
220 789,5 2,605 0,119 667 14,7 
225 787,4 2,623 0,118 642 14,3 
230 785,3 2,641 0,118 618 13,9 
235 783,2 2,659 0,117 595 13,5 
240 781,1 2,678 0,117 573 13,1 
245 779,0 2,696 0,117 550 12,7 
250 776,9 2,714 0,116 528 12,3 
255 774,8 2,732 0,116 511 12,0 
260 772,6 2,750 0,116 494 11,8 
265 770,5 2,768 0,115 475 11,4 
270 768,4 2,786 0,115 456 11,1 
275 766,3 2,805 0,115 443 10,8 
280 764,2 2,823 0,114 430 10,6 
285 762,1 2,841 0,114 415 10,4 
290 760,0 2,859 0,114 401 10,1 
295 757,9 2,877 0,113 388 9,9 
300 755,8 2,895 0,113 375 9,6 
305 753,7 2,913 0,112 364 9,4 
310 751,6 2,932 0,112 353 9,2 
315 749,5 2,950 0,112 343 9,0 
320 747,4 2,968 0,111 332 8,8 
325 745,3 2,986 0,111 326 8,8 
330 743,2 3,005 0,111 314 8,5 
335 741,1 3,023 0,110 307 8,4 
340 739,0 3,041 0,110 297 8,2 
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Appendix B 
Technical details of the proposed compressor 
 
 
